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REFLECTIVE POIARIZER DISPI^Y BRIEF DESCRlFnON OF THE DRAWINGS 

The drawings depict representative and illustrative imple- 

CROSS-REFERENCE TO RELATED mentations of the invention. Identical reference numerals 

APPLICATIONS ^^^^ identical structure throughout the several figures, 

This is a continuation in part of U.S. patent application ^ wherein: . , ^. i 

Ser. Nos. 08A71^9 and 08/172^93, which were filed Dec. i is a schematic cross section of an optical display 

21, 1993, now abandoned and is a continuation in part of according to the invention; 

U S patent appUcalion Ser. Nos. 08/359,436 and 08/360, 2 is a schematic cross section of an illustrative 

204, which were filed Dec. 20. 1994, now abandoned aU of ^^^.^^j ^^^^^^ according to the invenUon; 

which are incorporated herein by reference. 3 is a schematic cnass section of an illustrative 

TECHNICAL FIELD ^V^^^^ display according to the invention; 

FIG. 4 is an exaggerated cross sectional view of the 

The invention is an improved optical display. reflective polarizer of the invention; 

BACKGROUND ^ ^^^^'^ °P^^^^* performance of the multilayer 

reflective polarizer of Example 2; 

Optical displays are widely used for lap-top computers, ^ ^ schematic diagram of an optical display 

hand-held calculators, digital watches and the like. lUe ^j^^jding the invention with brightness enhancement; 

liquid crystal have their optical state altered by the applica- enhancer, 

tion of an electric field. This process generates the contrast piG. 9 is a schematic cross section of an illustrative 

necessary to display "pixels" of information in polarized 25 ^pt^^j^ display; 

light. FIG. 10 is a schematic cross section of an illustrative 

For this reason the traditional LC display includes a front optical display; 

polarizer and a rear polarizer. TypicaUy, these polarizers use U is a schematic cross section of an iUustrative 

dichroic dyes which absorb light of one polarization onen- optical display; 

tation more strongly than the orthogonal polarization onen- ^ ^ ^^^^ ^^^^ ^^^^H^. 

tation. In general the transmission axis ^^ '^J^^^^^^ ^g. 13 is a schematic cross section of an illustrative 
is "crossed" with the transmission axis of the rear polaruer. 

The crossing angle can vary from zero degrees to ninety optical display, - r u -^ut^.cc 

Sreer-l^ie liquid crystal' the front polarizer and rear FIG. 14 is a schernatic cross section of a bnghtness 

polarizer together make up an LCD assembly. enhanced reflective polarizer; 

LC displays can be classified based upon the source of FIG. 15 shows a two layer stack of films formmg a single 

Ulumination. "Reflective" displays are illuminated by ambi- interface. 

ent light that enters the display from the "front." TypicaUy piGS. 16 and 17 show reflectivity versus angle curves for 

a bmshed aluminum reflector is placed "behind" the LCD ^ 3 uniaxial birefringent system in a medium of mdex 1.60. 

assembly. This reflective surface returns light to the LCD j^g ^^^^^ reflectivity versus angle curves for a 

assembly while preserving the polarization orientation of the uniaxial birefringent system in a medium of index 1.0. 

light incident on the reflective surface. mGS. 19, 20 and 21 show various relationships between 

It is common to substitute a "backUght" assembly for the jn-plane indices and z-index for a uniaxial birefringent 

reflective brushed aluminum surface in applications where 45 ^y^^^^ 

the intensity of the ambient light is insufficient for viewing. ^ ^^^^^ reflectivity versus wavelength for 

The typical backlight assembly includes an optical cavity different biaxial birefringent systems, 

and a lamp or other ^^^rncVar.ih.i f^^^'^'^^^^^ no. 23 shows the effect of introducing a y-index differ- 

^^^J::^"^^^ so - ^ a biaxial birefHngent film with a large z-index 

r shows the effect of introducing a y-index differ- 

sSace bac^S randomizes the polarization of ence in a biaxial birefringem film with a small z-mdex 

the light and further reduces the amount of light available to difference. 

illuminate the LC display. Consequently, the addition of the 55 piG. 25 shows a contour plot summanzmg the intorma- 

backhght to the LC display makes the display less bright tion from FIGS. 18 and 19; 

when viewed under ambient light. piGS. 26-31 show optical performance of multilayer 

Therefore, there is a need for a display which can develop mirrors given in Examples 3-6; 

adequate brightness and contrast under both ambient and pj^g 32-36 show optical performance of multilayer 

backlight illumination. polarizers given in Examples 7-11; 

SUMMARY ^'^ optical performance of the multilayer 

mirror given in Example 12; 

comprise Oie second and third elements respectively. in Example 14; and 
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FIGS. 40A-40C show optical performance of multilayer discontinuous layer depicted by spot 36 and the diffusely 

polarizers given in Example 15. reflective continuous layer 39 may be formed of a titanium 

oxide pigmented material. It should be appreciated that a 

DETAILED DESCRIPTION diffuse reflective surface 37 (shown in FIG. 1) can be formed 

HG. 1 is a schematic diagram of an illustrative optical 5 of transparent surface textured polycarbonate. This material 

display 10 that includes three principle components. These co^ld ^ Placed above the light guide 34 to randomize 

include the polarizing display module shown as LCD assem- incident light m the configuration shown m HG, 2. The 

bly 16, a reflective polarizer 12, and an optical cavity 24. specific and optunal configuration will depend on the par- 

Ihc LCD assembly 16 shown in this figure is illuminated application for the completed optical display, 

by polarized Ught provided by the reflective polarizer 12 and ^° 1° general, the gain of the system is dependent on the 

the optical cavity 24 efl&ciency of both the reflective polarizer body 12 and the 

Ambient fight incident on the display 10, depicted by ray ^^^^^^ ^4. Performance is maximized with a highly 

60 travel^ the LCD module 16, the reflective polarizer 12 ^^^^^^^^^ °P^;^* "^V^^ ^4 consistent with the requirement 

and strikes the diffuse reflective surface 37 of the optical ratidomizaUon of the polanzation of incident light, and a 

cavity 24. Ray 62 depicts this light as it is reflected by the ''^^ ^^^^^^^^^ P"*^*^^' 

diffusely reflective surface 37 toward the reflective polarizer FIG- ^ shows a schemaUc optical display 14 illustrated 

j2 with a two layer LCD assembly 17 that includes a front 

, ■ • r -.L- .u .1 '^A ' polarizer 18 and a hquid crystal 20. In this embodiment the 

Light ongmaUng from wilhm the optical cavity 24 is ^ . ^ -.^ • i i i . i . i ii 

A I u £A 1^' i ;c optical cavity 24 includes an electroluminescent panel 21. 

depicted by ray 64. ITus light is also du^ected toward the ^4. . , , . , • » i oi • « i -.u 

reflective polarizer 12 and passes through the difflisely ITie iradUional electrolummescent panel 21 .s coated with a 

reflective surface 37. Both ray 62 and ray 64 have light P^°^P^°' "^^^'f "! • ! k° T 

exhibitin both olarization states (a b) electrons and that is also diffusely reflective when struck by 

^ * ^ ° P " . / J. , .„ J incident light. Usually, electroluminescent displays are 

FIG. 2 shows a schematic optical display 11 illustrated ^^^^ variations in efficiencies associated 

with a three layer LCD assembly 15 that inc udes a front 25 the phosphor coating. However, light returned by the 

polarizer 18, a hquid crystal 20 and a rear polanzer 23. In ^^g^^^-^^ j^^^^ has a tendency to "homogenize" the 

this embodiment the optical cavity 24 is an edge ht backlight emissions and improve overaU uniformity of illumina- 

which includes a lamp 30 in a reflective lamp housmg 32. ^.^^ exhibited by the optical display 14. In the iUustrative 

Light from the lamp 30 is coupled to the fight guide 34 -^^j j assembly 17 lacks a rear polar- 

where it propagates unul it encounters a diffuse reflective 30 -^^^ ,^ ^^-^ -^^^ ^ ^ ^4 ^^q^^,^^ ^^zer 12 

structure such as spot 36. Th^ discontinuous array of spots ^^^^^ ^j^^ ^^^^ .^^ ^^^^^jj associated with the rear 

IS arranged to extract lamp fight and direct it toward the LCD ^^^^^^^ ^3 shown in optical display 11 in FIG. 2. 

module 15. Ambient fight entering the optical cavity 24 may ^^^^ ^ • u .- *• ^ . c 

, ., , ^ rJL r„u* ti FIG. 4 IS a schematic perspective diagram of a segment of 

strike a spot or it may escape from the fight guide through . _ . , . c. • 1 -j j- * 

*u • * vT- 1 u * ^* -ru J^.r^K, «fl«.^i f,^ the reflective polanzer 12. The figure mcludes a coordinate 

the interstitial areas between spots. The diffusely reflective 35 ^ i-i.u.jc vv jr^j- *• *u * c a 

, ■ „■ jwi ^iT r u* • \ -XA * ' * t system 13 that defines X, Y and Z directions that are referred 

layer 39 is positioned below the fight guide 34 to intercept . , , r \ n 1 • 

J n . u 1 1 11 «l tk«« to in the descnption of the reflective polanzer 12. 

and reflect such ravs. In general, all the rays that emerge ^ ^ 

from the opucal caWty 24 are illustrated by ray bundle 38. The illustrative reflective polarizer 12 is made of alter- 

This ray bundle is incident on the reflective polarizer 12 natmg layers (ABABA . . . ) of two different polymenc 

which transmits Ught having a first polarizafion orientation 40 materials. These are referred to as matenal "(A)" and 

referred to as "(a)" and effectively reflects fight having the material «(B)" throughout the drawings and descnption. The 

orthogonal polarization orientation (b). Consequently, a cer- two materials are extnided together and the resultmg mul- 

tain amount of light, depicted by ray bundle 42, will be ^iple layer (ABABA . . . ) matenal is stretched (5:1) along , 

transmitted by the reflective polarizer 12 while a substantial ont axis (X), and is not stretched appreaably (1:1) along the 

amount of the remaining fight will be reflected as indicated 45 ^^^^'^ ^ ^""^ '^^^""^ ^ "stretched" 

by ray bundle 40. The preferred reflective polarizer material direction while the Y axis is referred to as the "transverse" 

is highly efiBcient and the total losses due to absorption direction. 

within the reflective polarizer 12 are very low (on the order The (B) material has a nominal index of refraction 

of 1 percent). This lost light is depicted by ray bundle 44. (n=1.64 for example) which is not substantiaUy altered by 

The light having polarization stale (b) reflected by the 50 tfie stretching process. 

reflective polarizer 12 reenters the optical cavity 24 where it The (A) material has the property of having the index of 

strikes the diffusely reflective structures such as spot 36 or refi-action altered by the stretching process. For example, a 

the diffusely reflective layer 39. The diffusely reflective uniaxially stretched sheet of the (A) material will have one 

surfaces serve to randomize the polarization slate of the fight index of refraction (n=1.88 for example) associated with the 

reflected by the optical cavity 24. This recirculation and 55 stretched direction and a different index of refraction 

randomization process is depicted as path 48. The opfical (n=1.64 for example) associated with the transverse direc- 

cavity 24 is not a perfect reflector and the fight losses in the tion. By way of definition, the index of refraction associated 

cavity due to scattering and absorption are depicted by ray with an in-plane axis (an axis paraUel to the surface of the 

bundle 46. These losses are also low (on the order of 20 fifin) is the effective index of refraction for plane -polarized 

percent). The multiple recirculations effected by the combi- 60 incident light whose plane of polariz^ation is parallel to that 

nation of the optical cavity 24 and the reflective polarizer 12 axis. 

form an efficient mechanism for converting fight from stale Thus, after stretching the multiple layer stack 

(b) to state (a) for ultimate transmission to the viewer. (ABABA . . . ) of material shows a large refractive uidex 

The effectiveness of this process refies on the low absorp- difference bet\^'een layers (delta n^* 1.88- 1.64=0.24) associ- 

tion exhibited by the reflective polarizer disclosed herein 65 aled with the stretched direcUon. While in the transverse 

and the high refleclivity and randomizing properties exhib- direction, the associated indices of refraction between layers 

ited by many diBHisely reflective surfaces. In FIG. 2 both the are essentiafiy the same (delta n- 1.64-1. 64=0.0). These 
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optical characteristics cause the multiple layer laminate to Ught passes through the display tnodule 142 and brightness 

act as a reflecting polarizer that %viU transmit the polarization enhanced reflective polarizer 110 and is inadent on the 

component of the incident light that is correcUy oriented optical cavity 140. The optical cavity reflects tins light as 

with respect to the axis 22. This axis is defined as the indicated by ray 165. The second source of light may be 

transmission axis 22 and is shown in HG. 4. The light which 5 generated within the optical cavity itself as depicted by ray 

emerees from the reflective polarizer 12 is referred to as 163. If the optical cavity 140 is a baddight then the principal 

having a first polarization orientation (a). source of iUumination originat.» within the opticd cavity 

^ , u u J . ih™.<rh ttip reflective nolar- 140 and the optical display is referred to as "backlit. If the 

The hght lha does not P.^ '^.^^g. ^^.■^J^L^the principal source of iUumination is ambient light represented 

fi^^S ma^n^Tug^T;^^^^ >o i« -M*^-?- f ^ «r 

nrsl oneniauon ^aj. ugni ^^"^"""^e ^ "reflective" or "pass ve." If the display is to be viewed under 

Se^ LrofTt"^^^^^^^ bothambientan^cavitygenerated''uitthed.playis.^^^^ 

ID renecuon 01 mis iigm. i "iransflective." The present invention is useful in each of 

tion axis shown as axLS 25 in HO. 4. in mis lasnion ine , . 

reflective polarizer 12 transmits Ught having a selected these display types. 

poSLftTrnd reflects light havtog the pollrizaU^^ >3 Regardle^ of the origin of the hght, the brightness 

VZ ^ u n .- w 1^ I,!..: l,«.n Hi«nis.<;ed enhanced reflective polanzer 110 and the optical cavity 140 

Although the reflective polarizer 12 has b*^" d-^J ^ , Oier to "recirculate" light so that the maxi- 

with an exemplary multiple layer ^-'"^ f° J^^^^^ „I amounfof Ught is properly polarized and confined to 

includes alternatmg layers ofonly two materials It should be ^j^^g ^o^e 136 

:rr°Sf?rl.'?ortrr:;^/aS^n^^^^^^^ - In generl. the brightne. enhan.d reflecUve polarizer 

mav includ™ into the multiple layer coostmclion. Also in 110 includes two elements. The hrst is a reflecUve polanzer 

rUmhinTcai the reflective polariLr may include a single body 116 that transmits light of a particular polanzaaon o 

SaHf^alers (>iB)^^^^^ of wUch is stretched. Furthemiore. the viewing zone 136. THe se«,nd element is the opt.caUy 

aXSolarizer could be bonded direcUy to reflective strucnired layer 113 that defines the boundanes of the 

J . viewmg zone 136. 

^"^A^oSIer important property of the optical cavity 24 is the Th^ optical cavity 140 serves several functions but with 

facUhafpolTi respecttoitsinteractionwiththebrightnessenhancedrefl^^^^ 

hrcavitrwi^ also alter the direction of the incident light. tive polanzer 110, the miportant paramours are a h^gh 

n Veneral a significant amount of Ught exits the optical reflectance value with respect to mcident light and the abUity 

aJty off^^^^^^^^^ the path^f such light in the of the optical cavity 40 to alter both the duection and the 

Sive ilariz^^ is longer than the path length for near polarization of the incidem hght. Conventional opUcal cavi- 

normal light. This effect must be addressed to optimize the ties meet these requirements. ^ . . . 

optical performance of the system. The reflective polarizer For any optical system, the sum of the reflectivity, losses 

body 12 described in the example is capable of broadband and transmissivity must equal 100 percent of the light: 

transmission into the longer wavelengths which is desirable Absori)ance can be a major source of such losses. In the 

to accommodate off-axis rays. HG. 5 shows trace 31 which present invention the brightness enhanced reflective polar- 

indicates a transmissivity of over 80 percent over a wide izer 110 has a very low absorbance and high reflectivity to 

ranee of wavelengths Trace 33 shows eflBcient broadband certain light. Consequently light that is not passed directly 

reflectively over a large portion of the visible spectrum. The ^ into the viewing zone 136 is efliciently transferred to the 

optimal reflectivity trace would extend into the infrared and optical cavity 140 where it is altered and may emerge from 

extend from approximately 400 nm to approximately 800 the cavity with the proper attributes to contnbute to the hght 

jjjjj in the viewing zone 136. 

In another embodiment, the apparent brightness of the In the context of the optical display 164 the overall gain 

displav may be increased by the use of a brightness enhance- ^5 of the system depends on the product of the reflectivity of 

ment fihn FIG 6 shows an optical display 164 which has the optical cavity 140 and the reflectivity of the brightness 

three primarv components. These are the optical display enhanced reflective polarizer 110. The invention is most 

module 142 the brightness enhanced reflective polarizer 110 effective when used with a low absorption optical cavity that 

and the optical cavity 140. TypicaUy the complete optical has a high reflectivity rear surface consistent with its abflity 

display 164 will be planar and rectangular in plan view as 50 to alter the direction and polarization state of the inadent 

seen by observer 146 and will be relatively thin in cross Ught from the brightness enhanced reflective polanzer 110. 

section with the three primary components in close prox- For these purposes it should be noted that the optical cavity 

imity to each other. could be fiUed with a transparent dielectnc material such as 

In use, the display module 142 is iUuminated by Ught an acrylic, 

processed by the brightness enhanced reflective polarizer 55 Although the preferred strucmred surface 112 functions as 

110 and the optical cavity 140. Together these two compo- a geometric optic it is well known that diffiractive or holo- 

nents direct polarized Ught into a viewing zone 136 shown graphic optical elements may be designed to effectively 

schematically as an angle. This Ught is directed through the mimic the light directing qualities exhibited by geometnc 

display module 142 toward the observer 146. The display optics. Therefore the term stnictured surface 112 should be 

module 142 will typically display infonnation as pixels. 60 understood to describe both geometnc and diffractive optical 

Polarized light transmission through a pixel is modulated by systems that confine light to a relatively narrow viewng 

electrical control of the birefringence of the Uquid crystal zone 136. 

material, 'lliis modulates the polarization slate of the light, HG. 7 is an enlargement of stnicmred surface material 

affecting its relative absorption by a second polarizer layer that wiU act as a brightness enhancer in the present inven- 

ihat fomis a pan of the display module 142. 65 Uon. As described previously, slmclured surface material 

lliere are two sources for iUumination shown in the 218 has a smooth side 220 and a stnictured side :^2, 

figure The first is ambient light depicted by ray 162. TTiis Stnicmred side 222, in the preferred embodiment, includes 



n4/iq/2004, EAST version: 1.4.1 



5,828,488 

a plurality of iriaogular prisms. In the preferred that it is totally interaally reflected by one side of a prism on 

embodiment, such prisms are right isosceles prisms, structured surface 222 but not by the second side. As a result 

althoueh prisms having peak angles in the range of 70 it emerges at a large angle to the normal to smooth surface 

degreelto 110 degrees will work with varying degrees of 220. Because such a reflection only occurs to a hght ray that 
effectiveness with the invention. Structured surface material 5 is iraveUing m a direction that forms a high madence angle 

218 may be of any transparent material having an index of ^ side it slnkes, the pnsms provide a very small cross 

° y , 1 ,t,., „f h„t m opnpr»I ttip seclioo lo such rays. In addition many of those rays will 

refraaion greater than that of air. but m g«"»l. ^ ^ ^ .^^ , ^W. 

matenals syith h»gh" 'nd'ces of refrac.^^^^^^ J .^^^^ , ^ 

better results. Polycarbonate, which has an index 01 retrac- & a.jl »u 

tion of 1.586, hi proven to work very effectively. For 10 «:t of hght rays that are reflected by sm<».h surfoc^^^^^ 

"J . : . r ' th*. ^r.cX^e r.n do Dot cntcr stmcturcd surfacc matcnai 218. Sucfa hght Tays 

purposes of descripUon o the mvenuon "Je Pm°P on ^^^.-^ ^^^^^ .^at are reflected back into the optical 

Structured surface 222 will be assumed to have included K a u e »kv ^;c^«cc-;«„ i;«kt tKo* 

angles of 90 degrees and structured surface material 218 will "^^'V- ^ may be seen from Oib discussion, light that 

be ^1^ to be of polycarbonate. Alternatively other absent structured surface 218 would ha^^^^^^ 

structured surface materials may be used. Symmetric cube is ^^m the display a a ^jgh «ngle to the of the d«p^^ 

u J „<.„itc where the axis of the display is taken to be the normal to 

cornersheetine has been shown to produce excellent results. "wiv K. , . ^ ^ j- i 

corucr :>uccuus iia:yu^ . ^ j smooth surface 220, is reduected into a direction closer to 

HG. 8 illustrates the operaUon of structured suifa^ ^^^^ axis. AsmaU amount of light will be directed out at a 

material 218. FIG. 8 is a graph having two axes 226 and 228. . ^^at light that 

These axes represent the angle that a hght ray makes to a ^^^^^^ structured surface material 218 through smooth sur- 

normal to smooth surface 220. Specifically, axis 226 repre- ^^^^ 220 with an angle of incidence greater than a prede- 

sents the angle that the Ught ray makes when the duecUon termined angle is directed into an output wedge that is 

of the Ught ray is projected into a plane parallel to the Imear narrower than the input wedge and the majority of the light 

extent of the structures on structured surface 222. Sunilarly ^^^^ ^^^^^ structured surface material 18 through smooth 

axis 228 represents the angle that the light ray makes to a ^^^^^ 22O at an angle of incidence of less than that 

normal to smooth surface 220 when the direction of the Ught predetermined angle wiU be reflected back into the opUcal 

ray is projected into a plane perpendicular to the Imear cavity 

extent of the structures on structured surface 222. Thus a ^^^^ ^ ^^^^^^^^ ^^^^ ^ ^^^.^y 

Ughtraystrikmperpendiculartosm^^^^ ^^^^ ^.^^ .^^^^^^^ ^^^^^^^ ^ ^^^^,1 

be represented by the ongm, labeled 0 degrees of the graph ^,^cinr^^ surface material 218, in general making a 

of FIG. 8. As may be seen, FIG. 8 is divided into regions 30 ^^^^^ ^ ^^^^ 

230, 232, and 234. Light striking at angles tha faU wi hin ^ J ^^^^ ^^^^ ^^./^^^^^ .^^^ 

region 230 wUl enter structured surface material 218 bu be ^^^^^^ .^^^^^^.^^ ^^^^ 

totally internally reflected by structured surface 222 so that 3 Jf,^ ^^j.^ial 218 must be capable of reflecUng 

they pass through smooth surface 220 a second time and ^ predetermined group of angles and 

reenter the optical cavity Lig^ but refracting, Ught striking it in a second prede- 

220 at an angle such that they fall m region 232 o 234 wil angles wherein the angles in the second 

be transmitted but refracted to a different aag^e^^^^^^^^^ S P ^^^^^^ ^^^^ ^^^^ ^ 

tothenormal.Asmay be seen fromFIG.8 which represents ^^^^^.^ ^ ^^^^^ ^^^j^^ 

the performance of polycarbonate, any Ught ray slaking -^^^^^^^^^ ^^^^ ^„ ^hat is narrower than its 

smooth surface 220 at an angle of less than 9.4 degrees to the .^^^^ ^^^^^ description the first and second groups 

normal, will be reflected. ^^^j^^ rthMvQ to an axis of the display perpendicular 

Returning to FIG. 7, four exemplary Ught rays are shown. display surface, i.e. the liquid crystal. 

The first, Ught ray 236, approaches smooth surface 220 at a ^ ^^^^^ ^ ^^^^^^ ^j^^ schematic optical display 

grazing angle, i.e., an angle to the normal approachmg 90 154 without the brightness enhanced reflective polarizer 110 

degrees. If Ught ray 236 makes an angle of 89.9 degrees to ^^^^^^j ^^^.^ ^ comparison of performance without the 

the normal to surface 220 when it strikes structured surface brightness enhanced reflective polarizer 110. In general, the 

material 218, it will be refracted such that it makes an angle emerging from a unit area of the optical cavity 140 

of 39.1 degrees to the normal as it travels through structured j^ied by ray bundle 148 wiU be randomly polarized and 

surface material 218, Upon reachmg structured surface 222, ^^^^^ ^^^.^^^ ^^^^^^ ^^^^ (c), and (d) present. Approxi- 

it wiU be refracted again. Because of the structures on ^^^^jy j^g^t, light of states (b) and (d), are 

structured surface 222, it wiU be refracted so that again it absorbed by the dichroic absorptive polarizer 150 that forms 

will make a smaller angle to the normal to structured surface ^ ^ ^ ^. j^y ^^^j^ ^^2. The remainder of the light, 

220. In the example it will make an angle of 35.6 degrees. ^^^^^^ ^^^^ ^^^^ ^brough the dichroic absorptive 

Ught ray 238 approaches smooth surface 220 at an angle polarizer 150. The light emerging from the display module 

much closer to the cut off angle. It also is refracted as it 142, depicted by ray bundle 152, thus contains Ught of states 

passes through smooth surface 220, but to a lesser extent. If Although the light of state (a) is directed toward 

Ught ray 238 approaches smooth surface 220 at an angle of jbe observer 146, the light of state (c) is not. The remainder 

10 degrees to the normal to smooth surface 220, it will of Ught having states (b) and (d) will be absorbed by the 

emerge from structured surface 222 at an angle of 37.7 dichroic absorptive polarizer 150. Thus, only approximately 

degrees to the normal to smooth surface 220 but on the qj^^ quarter of the light provided by optical cavity 140 

opposite side of that normal. actually contributes to the brightness of the display as 

Light ray 240 approaches at an angle less than the cut off viewed by observer 146. 

angle and is totaUy intemaUy reflected twice by structured The brightness enhanced reflecUve polarizer operates to 
surface 222 and returned to the interior of the optical cavity. 55 make more efficient use of the Ught made available by 

FinaUy, light ray 242 approaches smooth surface 220 at an optical cavity 140. If the same unit amount of Ught, depicted 

angle similar to that of light ray 238, but in a location such by ray bundle 154, is directed to the brightness enhanced 
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^ r u r V,. Fir. 12 shows lesi results of a sample of brigtatss 

ray bundle 152. , 70 THe optical display resulting in a total brightness increase of 100 percent tor 

.oS\"42'=- S'S^^^^ ""rd^::^ in brightness incase between these two 

Sl°Lnafrontpolarizerl49andareYPoar^^^^^^^^ 30 ^^;^;itTlargely due To the different optical cavit^ 

embodiment the optically —^.'^ '''y " i71 C ^T^f HG 12 was taken with an electroluminescent 

from the leflective po larger b-^y •'JJ^Pays wteh^e i^ckUgW wh»«= l''"^' ^"^P^"^ "^'V^'^ " f 

f»«. to aid in the recirculation process. . , .j. elements compose the brightness enhancea 

Vg 11 shows an optical display 179 where the ophcaUy JlJJJjf J^rf^, body 110. Although in FIG^ 13 the ^vo 

ToS-^^^r m In use. the optical cavity 140 wiUprojade light ^^^^.^^ ^g from the scope of the presem invention^ 

which acts as a diffuse reflective surface 137. One 'l^Uerence . ^ polarization requirements. . 

Birr ^cs»^35 

poS^r juxtaposed next to the brightness enhanced leOec ^^^^^^ ^^^^ .^^^^^^^ brightness, 

tive polarizer. 
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FIG. 14 is a schematic and perspective view of the 
brightness enhanced reflective polarizer 110 shown in iso- 
lation. The figure is not drawn to scale to facilitate descrip- 
tion of the structure of the invention. FIG. 14 among others 
include a coordinate system 118 that defines X, Y and Z 
directions that are referred to in the description of the 
invention. 

As seen in FIG. 14 the brightness enhanced reflective 
polarizer 110 includes an optically structured layer 113 that 
has a structured surface 112, In FIG. 14 this optically 
structured layer 113 is replicated on a polymer layer cast 
onto the reflective polarizer body 116, resulting in a pre- 
ferred unitary structure. A unitary stmclure such as the one 
shown in FIG. 14 may be formed by various known tech- 
niques of attaching two films, such as heat lamination or 
casting and curing the structured surface material on the 
reflective polarizer where the reflective polarizer acts as the 
substrate in a process such as is described in U.S. Pat. No. 
5,175,030. For purposes hereof, the statement that the reflec- 
tive polarizer and the brightness enhancer are unitary shall 
be understood to mean thai they are bonded to one another. 

The preferred and illustrative structured surface 112 
shown in FIG, 14, is an array of prisms, typified by prism 
114. Each prism has an apex ridge that extends in the X 
direction. In the Y, Z plane each prism 114 has a cross 
section that is an isosceles triangle, with a preferred prism 
apex angle 120 of ninety degrees. Although an array of 
prisms is preferred, the specific prism geometry and apex 
angles 120 may be altered to meet the specific requirements 
of the application. An array of prisms as shown in FIG. 14 
is especially useful where it is desirable to confine the light 
exiting the optical display to a relatively narrow viewing 
zone 136 shown on FIG. 6. However, where other viewing 
angles are desired, the optically structured layer 113 may 
take other forms. Although the preferred structured surface 
112 functions as a geometric optic it is well known that 
diffractive or holographic optical elements may be designed 
to efl'ectively mimic the hght directing qualities exhibited by 
geometric optics. Therefore the term structured surface 112 
should be understood to describe both geometric and dif- 
fractive optical systems which confine light to a relatively 
narrow viewing zone 136 (FIG. 6). Due to the inherent 
polarizing nature of an array of prisms, generally speaking, 
optimum performance is achieved when the axes of the 
prisms run parallel to the direction in which the reflective 
polarizer was stretched. 
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Optical Behavior and Design Considerations of 
Multilayer Stacks 

The optical behavior of a multilayer stack 10 such as that 
shown above in RG. 4 will now be described in more 
general teraas. 

The optical properties and design considerations of mul- 
tilayer stacks described below allow the construction of 
multilayer stacks for which the Brewster angle (the angle at 
which reflectance goes to zero) is very large or is nonexist- 
ant. This allows for the construction of multilayer mirrors 
and polarizers whose reflectivity for p polarized light 
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in the case of mirrors), is desirably less than 50% 
(reflectivity of 0.5) over the intended bandwidth. (It shaU be 
understood that for the purposes of the present application, 
all transmission or reflection values given include front and 
back surface reflections). Other multilayer stacks exhibit 
lower average transmission and/or a larger intended 
bandwidth, and/or over a larger range of angles from the 
normal. If the intended bandwidth is to be centered around 
one color only, such as red, green or blue, each of which has 
an effective bandwidth of about 100 nm each, a multilayer 
stack with an average transmission of less than 50% is 
desirable. A multilayer stack having an average transmission 
of less than 10% over a bandwidth of 100 nm is also 
preferred. Other exemplary preferred mutlilayer stacks have 
an average transmission of less than 30% over a bandwidth 
of 200 nm. Yet another preferred multilayer stack exhibits an 
average transmission of less than 10% over the bandwidth of 
the visible spectrum (400-700 nm). Most preferred is a 
multilayer stack that exhibits an average transmission of less 
than 10% over a bandwidth of 380 to 740 nm. The extended 
bandwidth is useful even in visible light applications in 
order to accommodate spectral shifts with angle, and varia- 
tions in the multilayer stack and overall film caliper. 

The multilayer stack 10 can include tens, hundreds or 
thousands of layers, and each layer can be made from any of 
a number of different materials. The characteristics which 
determine the choice of materials for a particular stack 
depend upon the desired optical performance of the stack. 

The stack can contain as many materials as there are 
layers in the stack. For ease of manufacmre, preferred 
optical thin film stacks contain only a few different materi- 
als. For purposes of illustration, the present discussion will 
describe multilayer stacks including two materials. 

The boundaries between the materials, or chemically 
identical materials with different physical properties, can be 
abrupt or gradual. Except for some simple cases with 
analytical solutions, analysis of the latter type of stratified 
media with continuously varying index is usually treated as 
a much larger number of thinner uniform layers having 
abrupt boundaries but with only a small change in properties 
between adjacent layers. 

Several parameters may affect the maximum reflectivity 
achievable in any multilayer stack. These include basic stack 
design, optical absorption, layer thickness control and the 
relationship between indices of refraction of the layers in the 
stack. For high reflectivity and/or sharp bandedges, the basic 
stack design should incorporate optical interference effects 
using standard thin film optics design. This typically 
involves using optically thin layers, meaning layers having 
an optical thickness in the range of 0.1 to 1,0 times the 
wavelength of interest. The basic building blocks for high 
reflectivity muhilayer fihns are low/high index pairs of film 
layers, wherein each low/high index pair of layers has a 
combined optical thickness of the center wavelength of 
the band it is designed to reflect. Stacks of such films are 
commonly referred to as quarterwave stacks. 

To minimize optical absorption, the preferred multilayer 
stack ensures that wavelengths that would be most strongly 



decrease slowly with angle of incidence, are independent of so absorbed by the stack are the first wavelengths reflected by 



angle of incidence, or increase with angle of incidence away 
from the nonoaal. As a result, multilayer stacks having high 
reflectivity for both s and p polarized light over a wide 
bandwidth, and over a wide range of angles can be achieved. 

The average transmission at normal incidence for a mul- 
tilayer stack, (for light polarized in the plane of the extinc- 
tion axis in the case of polarizers, or for both polarizations 
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the stack. For most clear optical materials, including most 
polymers, absorption increases toward the blue end of the 
visible spectrum. Thus, it is preferred to tune the multilayer 
stack such that the "blue" layers are on the incident side of 
the multilayer stack. 

A multilayer construction of alternative low and high 
index thick films, often referred to as a "pile of plates", has 
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no tuaed wavelengths nor bandwidth constraints, and no 
wavelength is selectively reflected at any particular layer in 
the stack. With such a construction, the blue reflectivity 
suffers due to higher penetration into the stack, resulting in 
higher absorption than for the preferred quarterwave stack 
design. Arbitrarily increasing the number of layers in a "pile 
of plates" will not always give high reflectivity, even with 
zero absorption. Also, arbitrarily increasing the nunaber of 
layers in any stack may not give the desired reflectivity, due 
to the increased absorption which would occur. 

The relationships between the indices of refraction in each 
fihn layer to each other and to those of the other layers in the 
film stack determine the reflectance behavior of the muhi- 
layer stack at any angle of incidence, from any azimuthal 
direction. Assuming that all layers of the same material have 15 
the same indices, then a single interface of a two component 
quarterwave stack can be analyzed to understand the behav- 
ior of the entire stack as a function of angle. 

For simplicity of discussion, therefore, the optical behav- 
ior of a single interface wiU be described. It shaU be 
understood, however, that an actual multilayer stack accord- 
ing to the principles described herein could be made of tens, 
hundreds or thousands of layers. To describe the optical 
behavior of a single interface, such as the one shown in FIG. 
15, the reflectivity as a function of angle of incidence for s 
and p polarized light for a plane of incidence including the 
z-axis and one in-plane optic axis will be plotted. 

FIG. 15 shows two material film layers forming a single 
interface, with both immersed in an isotropic medium of 
index no. For simplicity of illustration, the present discus- 
sion will be directed toward an orthogonal multilayer bire- 
fringent system with the optical axes of the two materials 
aligned, and with one optic axis (z) perpendicular to the film 
plane, and the other optic axes along the x and y axis. 

It shaU be understood, however, that the optic axes need 
not be orthogonal, and that nonorthogonal systems are well 
within the spirit and scope of the present invention. It shall 
be further understood that the optic axes also need not be 
aligned with the film axes to fall within the intended scope 
of the present invention. 

The reflectivity of a dielectric interface varies as a func- 
tion of angle of incidence, and for isotropic materials, is 
different for p and s polarized light. The reflectivity mini- 
mum for p polarized light is due to the so called Brewster 
effect, and the angle at which the reflectance goes to zero is 
referred to as Brewster's angle. 

The reflectance behavior of any fihn slack, at any angle of 
incidence, is determined by the dielectric tensors of all films 
involved. A general theoretical treatment of this topic is 
given in the text by R. M. A. Azzam and N. M. Bashara, 
"Ellipsometry and Polarized Light", published by North- 
HoUand, 1987. 

The reflectivity for a single interface of a system is 
calculated by squaring the absolute value of the reflection 
coefiicients for p and s polarized light, given by equations 1 
and 2, respectively. Equations 1 and 2 are valid for uniaxial 
orthogonal systems, with the axes of the two components 
ahgned. 

n7z ♦ n2o y/{p\z^ - ndkva^) - ^) 
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where 8 is measured in the isotropic medium. 

In a uniaxial birefringent system, nlx«nly«nlo, and 
n2x=n2y=n2o. 

For a biaxial birefringent system, equations 1 and 2 are 
valid only for light with its plane of polarization parallel to 
the x-z or y-z planes, as defined in FIG. 15. So, for a biaxial 
system, for light incident in the x-z plane, nlo^nlx and 
n2o-n2x in equation 1 (for p-polarized light), and nlo-nly 
and n2o=n2y in equation 2 (for s-polarized light). For light 
incident in the y-z plane, nlo=nly and n2o«n2y in equation 
1 (for p-polarized light), and nlo=nlx and n2o='n2x in 
equation 2 (for s-polarized light). 

Equations 1 and 2 show that reflectivity depends upon the 
indices of refraction in the x, y (in-plane) and z directions of 
each material in the stack. In an isotropic material, all three 
indices are equal, thus nx=ny=nz. The relationship between 
nx, ny and nz determine the optical characteristics of the 
material. Different relationships between the three indices 
lead to three general categories of materials: isotropic, 
uniaxially birefringent, and biaxially birefringent. Equations 
1 and 2 describe biaxially birefringent cases only along the 
X or y axis, and then only if considered separately for the x 
and y directions. 

A imiaxially birefringent material is defined as one in 
which the index of refraction in one direction is different 
from the indices in the other two directions. For purposes of 
the present discussion, the convention for describing uniaxi- 
ally birefringent systems is for the condition nx^ny^^nz. The 
X and y axes are defined as the in-plane axes and the 
respective indices, nx and ny, wiU be referred to as the 
in-plane indices. 

One method of creating a uniaxial birefringent system is 
to biaxiaUy stretch (e.g., stretch along two dimensions) a 
multilayer stack in which at least one of the materials in the 
stack has its index of refraction affected by the stretching 
process (e.g., the index either increases or decreases). 
Biaxial stretching of the multilayer stack may result in 
differences between refractive indices of adjoining layers for 
planes paraUel to both axes thus resulting in reflection of 
light in both planes of polarization. 

A uniaxial birefringent material can have either positive 
or negative uniaxial birefringence. Positive uniaxial bire- 
fringence occurs when the z-index is greater than the 
in-plane indices (nz>nx and ny). Negative uniaxial birefrin- 
gence occurs when the z-index is less than the in -plane 
indices (nz<nx and ny). 

A biaxial birefringent material is defined as one in which 
the indices of refraction in all three axes are different, e.g., 
nxpiny;*nz. Again, the nx and ny indices will be referred to 
as the in-plane indices. A biaxial birefringent system can be 
made by stretching the multilayer stack in one direction. In 
other words the slack is uniaxiaUy stretched. For purposes of 
the present discussion, the x direction will be referred to as 
the stretch direction for biaxial birefringent stacks. 

Uniaxial Birefringent Systems (Mirrors) 

The optical properties and design considerations of 
uniaxial birefringent systems will now be discussed. As 
discussed above, the general conditions for a uniaxial bire- 
fringent material are nx=ny^nz. Thus if each layer 102 and 
104 in FIG. 15 is uniaxially birefringent, nlx=nly and 
n2x=n2y. For purposes of the present discussion, assume 
that layer 102 has larger in-plane indices than layer 104, and 
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ttio^hfpSN^erih^ariousM 5 Brewster effect, and there is constant reflectivity for all 

measured direcUy, or, the general relationship may be indi- angles of inadence. 

rectly observed by analysis of the spectra of the resulting pjQ jg si,o\vs the same cases as HGS. 16 and 17 but for 

fihn as described herein. an incident medium of index no=1.0 (air). The curves m 

In the case of minors, the desired average transmKsion pinned for p polarized Ught at a smgle interface 
for light of each polarization and plane of incidence gener- ,(, ^ positive uniaxial material of indices n2x=n2y=1.50, 

ally depends upon the intended use of the mirror. The n2z=1.60, and a negative uniaxially birefringent material 

average transmission along each stretch direction at normal nlx=nly=1.75, and values of nlz, in the foUowing 

incidence for a narrow bandwidth mirror across a 100 nm ^^^^^ ^^^^ ,op to bottom, of: a) 1.50; b) 1.55; c) 1.59; d) 

bandwidth within the visible spectrum is desirably less than ^ ^. q ^ gi- g) i.ss; h) 1.70; and i) 1.75. Again, as was 

30% preferably less than 20% and more preferably less than ^^^^ j„ p,Gs. 16 and 17, when the values of nlz and n2z 

10%' A desirable average transmission along each stretch jj,^,^^ ^gyrve d), there is no angular dependence to reflec- 

direction at normal incidence for a partial mirror ranges ,j^,y 

anywhere from, for example, 10% to 50%, and can cover a p^^g jg ^^^^^ ,i,e cross-over from one 

bandwidth of anywhere between, for example, 100 nm and behavior to another occurs when the z-axis index of 

450 nm, depending upon the particular application. For a fji^ equals the z-axis index of the other film. This is true 

high efBciency mirror, average transmission along each fo, several combinations of negative and positive uniaxiaUy 

stretch direction at normal incidence over the visible spec- birefringent, and isotropic materials. Other situaUons occur 

trum (400-700 nm) is desirably less than 10%, preferably ^ ^j^j^^ ^^^^ Brewster angle is shifted to larger or smaller 

less than 5%, more preferably less than 2%, and even more ^^^^^ 

preferably less than 1%. In addition, asyminetnc mirrors ^^^^^^ possible relationships between in-plane indices 

may be desirable for certain appUcaUons. Iii that case, ^^j^-axis indices are iUustrated in FIGS. 19, 20 and 21. The 

average transmission along one stretch direction may oe ^^^j^jj ^^es indicate relative values of indices and the 

desirably less than, for example, 50%, while the average ^^^j^^j^,^ ^re used to separate the various conditions, 

transmission along the other stretch direction may be aesir- ^ ^ ^^^^ ^^^^ isotropic fihns, where 

ably less than, for example 20%, over a bandwidth ot, tor ^ ^ .^^^^ ^^^^^ ^ ^^^^ .^.^ ^ proceeds to 

example, the visible spectrum (400-700 nm), or overtne ^^^^ ^g^j_ jhe in-plane indices are held constant and the 

visible spectrum and into the near mfrared (e.g, 4UU-»du ^^^^ ^-axis indices increase or deaease, indicatmg the 

nm). . relative amount of positive or negative birefringence. 

Equation 1 described above can be used to delerrnine the described above %vith respect to FIGS. 16, 17, 

reflectivity of a single interface m a uniaxial biretrmgent 35 iUuslrated in FIG. 19. The in-plane indices of 

system composed of two layers such as that shown in HU ,3^^ ^^^^^^ of „jaterial 

15. Equation 2, for s polarized hght, is identical to that of the ^^^^^.^^ ^ ^^^^^.^^ birefringence (nlz less than 

case of isotropic films (nx=ny=nz), so only equation 1 neea ' „,3,grij, has positive birefrin- 

be examined. For purposes of Ulustration, some specihc, v ^^^^^ p,^^^ .^^.^^^^ p^im a, which 
although generic, values for the film indices will be 40 f^^ Brewster angle disappears and reflectivity is constant for 

assigned. Let nlx=nly=1.75, nlz-vanable, "2x=nZy=l 3u incidence is where the two z-axis indices are 

and n2z-variable. In order to lUustrate various posable corresponds to curve f in FIG. 16. curve e 

Brewster angles in this system. no=1.60 for the surrounding /4 ^ r ^ ^ 

isotropic media. jO material one has higher in-plane indices than 

HG. 16 shows reflectivity versus angle curves or 45 ^.j,, but material one has positive birefringence and 

p-polarized light incident from the isotropic medium to the ^^^^^^^ ^^^^^^^ birefringence. In this case, the 

birefringenl layere, for cas« where """1™^ Brewster minimum can only shift to lower values of angle, 

greater than or equal to n2z (nlzSn2z). The curves snown ^^^.^ 

in HG. 16 are for ^ ^J'^J izl^^ l) 50 wher one of the two films is isotropic. THe two cases are 

n2z-1.50; b) nlz=l;75, n2z=1..7; c) nlz=1.70. °2z=1.60 d) 50 ^^^^.^^ .^^ ^as positive 

nlz-1.65, n2z=1.60; e) nlz=1.61. n2z=l-60. ""^ 'j, "^^^ birefringence, or material two is isotropic and matenal one 
1.60=n2z. As nlz approaches n2z. the B'<=-^;" ^S^^' J^'^liVe birefringence, me point at which there is no 

angle at which reflectivity '° ^V"' l!^'^^^,^ Brewsttr effect is where the z-axLs index of the birefringent 

a^ are strongly angular '1^P»''^°'J^°";^"^ ^ material equals the index of the isotropic film. 

n2z (curve f^, there is no angular dependence to reUertivity 55 ^ ^ ^ ^ gj^ are of the same type, i.e.. 

In other words, the reflectivity for curve f is constant or aU J^^^^ FIG. 21 shows 

angles of incidence. f'.J^^ PSTi^^rJ^l^^^orX^^^ be'^^ where' £fh TL have negative birefringence, 

angular mdependent form. <°2o-nloy(n^+nio;^ understood that the case of two positive 

nlz-n2z, there is no f^^^.^ Srefring^nt layers is analogous to the case of two negative 

reflectivity for all angles of incidence. «° h refrinLnt laveis shown in RG. 21. As before, the Brew- 

RG. 17 shows reflectivity -g-^^^^^^^^^^^^^ ^^fS^is^uSed only if one z-axis index equals 
curves for cases where nlz is numericaUy less than or equal 

to n2z. Light is incident from isotropic medium to the °' "^l^^'^""^^^ ^^ere the in-plane indices of the 

birefringent layers. ^^-J^ese ca^s the r^^^^^^^ mo o J^^ -^^'^^^^^b^^^^^^ m'dic» differ. In this 

tonicaUy increases with angle of mcdence Ib^ ^me «>^m 4^ 

rrPrGTs^h^Sslh^l^n^'^X^^^ ^ri:rfl:ctionoccursforspolari.dlighta.a„yangle. 
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and the reflectivity for p polarized light increases monotoni- 
cally with increasing angle of incidence. This type of article 
has increasing reflectivity for p-polarized light as angle of 
incidence increases, and is transparent to s-polarized light. 
This article can be referred to as a "p-polarizer". 

The above described principles and design considerations 
describing the behavior of uniaxially birefringent systems 
can be applied to create multilayer stacks having the desired 
optical effects for a wide variety of circumstances and 
applications. The indices of refraction of the layers in the 
multilayer stack can be manipulated and tailored to produce 
devices having the desired optical properties. Many negative 
and positive uniaxial birefringent systems can be created 
with a variety of in-plane and z-axis indices, and many 
useful devices can be designed and fabricated using the 
principles described here. 

Biaxial Birefringent Systems (Polarizers) 

Referring again to HG. 15, two component orthogonal 
biaxial birefringent systems and the design considerations 
affecting the resultant optical properties will now be 
described. Again, the system can have many layers, but an 
understanding of the optical behavior of the stack is 
achieved by examining the optical behavior at one interface. 

A biaxial birefringent system can be designed to give high 
reflectivity for light with its plane of polarization parallel to 
one axis, for a broad range of angles of incidence, and 
simultaneously have low reflectivity and high transmission 
for light with its plane of polarization parallel to the other 
axis for a broad range of angles of incidence. As a result, the 
biaxial birefringent system acts as a polarizer, transmitting 
light of one polarization and reflecting light of the other 
polarization. By controlling the three indices of refraction of 
each film, nx, ny and nz, the desired polarizer behavior can 
be obtained. Again, the indices of refraction can be mea- 
sured directly or can be indirectly observed by analysis of 
the spectra of the resuhing film, as described herein. 

Referring again to FIG. 15, the following values to the 
film indices are assigned for purposes of illustration: nlx= 
1.88, nly=1.64, nlz=variable, n2x=1.65, n2y=variable, and 
n2z«variable. The x direction is referred to as the extinction 
direction and the y direction as the transmission direction. 

Equation 1 can be used to predict the angular behavior of 
the biaxial birefringent system for two important cases of 
light with a plane of incidence in either the stretch (xz plane) 
or the non-stretch (yz plane) directions. The polarizer is a 
mirror in one polarization direction and a window in the 
other direction. In the stretch direction, the large index 
differential of 1.88-1 .65«0.23 in a multilayer stack with 
hundreds of layers will yield very high reflectivities for 
s-polarized light. For p-polarized light the reflectance at 
various angles depends on the nlz/n2z index differential. 

In many applications, the ideal reflecting polarizer has 
high reflectance along one axis (the so-called extinction 
axis) and zero reflectance along the other (the so-called 
transmission axis), at all angles of incidence. For the trans- 
mission axis of a polarizer, it generally desirable to maxi- 
mize transmission of light polarized in the direction of the 
transmission axis over the bandwidth of interest and also 
over the range of angles of interest. Average transmission at 
normal incidence for a colored polarizer across a 100 nm 
bandwidth is desirably at least 50%, preferably at least 70% 
and more preferably at least 90%. The average transmission 
at 60 degreees from the normal for p-polarized light 
(measured along the transmission axis) for a narrow band 
polarizer across a 100 nm bandwidth is desirably at least 
50%, preferably at least 70% and more preferably at least 
80%. 
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The average transmission at normal incidence for a polar- 
izer in the transmission axis across the visible spectrum 
(400-700 nm for a bandwidth of 300 nm) is desirably at least 
50%, preferably at least 70%, more preferably at least 85%, 

5 and even more preferably at least 90%. The average trans- 
mission at 60 degrees from the normal (measured along the 
transmission axis) for a polarizer from 400-700 nm is 
desirably at least 50%, preferably at least 70%, more pref- 
erably at least 80%, and even more preferably at least 90%. 

10 For certain applications, high reflectivity in the transmis- 
sion axis at off-normal angles are preferred. The average 
reflectivity for light polarized along the transmission axis 
should be more than 20% at an angle of at least 20 degrees 
from the normal. 

15 If some reflectivity occurs along the transmission axis, the 
eflSciency of the polarizer at off-normal angles may be 
reduced. If the reflectivity along the transmission axis is 
different for various wavelengths, color may be introduced 
into the transmitted light. One way to measure the color is 

20 to determine the root mean square (RMS) value of the 
transraissivily at a selected angle or angles over the wave- 
length range of interest. The % RMS color, C^^, can be 
determined according to the equation: 

25 
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30 the range W to \2 is the wavelength range, or bandwidth, of 
interest, T is the transmtssivity along the transmission axis, 
and T is the average transmissivity along the transmLssion 
axis in the wavelength range of interest. 

For applications where a low color polarizer is desirable, 

35 the % RMS color should be less than 10%, preferably less 
than 8%, more preferably less than 3.5%, and even more 
preferably less than 2.1% at an angle of at least 30 degrees 
from the normal, preferably at least 45 degrees from the 
normal, and even more preferably at least 60 degrees from 

40 the normal. 

Preferably, a reflective polarizer combines the desired % 
RMS color along the transmission axis for the particular 
application with the desired amount of reflectivity along the 
extinction axis across the bandwidth of interest. For 

45 example, for narrow band polarizers having a bandwidth of 
approximately 100 nm, average transmission along the 
extinction axis at normal incidence is desirably less than 
50%, preferably less than 30%, more preferably less than 
10%, and even more preferably less than 3%. For polarizers 

50 having a bandwidth in the visible range (400-700 nm, or a 
bandwidth of 300 nm), average transmission along the 
extinction axis at normal incidence is desirably less than 
40%, more desirably less than 25%, preferably less than 
15%, more preferably less than 5% and even more prefer- 

55 ably less than 3%. 

Reflectivity at off-normal angles, for light with its plane 
of polarization parallel to the transmission axis may be 
caused by a large z-index mismatch, even if the in -plane y 
indices are matched. The resulting system thus has large 

60 reflectivity for p, and is highly transparent to s polarized 
light. This case was referred to above in the analysis of the 
mirror cases as a "p polarizer"'. 

For uniaxially stretched polarizers, performance depends 
upon the relationships between the alternating layer indices 

65 for all three (x, y, and z) directions. As described herein, it 
is desirable to minimize the y and z index differentials for a 
high efficiency polarizer. Introduction of a y-index mismatch 
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is describe to compensate for a z-index mismatch. Whether 
intentionally added or naturally occurring, any index mis- 
match will introduce some reflectivity. An important factor 
thus is making the x-index differential larger than the y- and 
z-index differentials. Since reflectivity increases rapidly as a 
function of index differential in both the stretch and non- 
stretch directions, the ratios Any/Anx and Anz/Anx should be 
minimized to obtain a polarizer having high extinction along 
one axis across the bandwidth of interest and also over a 
broad range of angles, while preserving high transmission 
along the orthogonal axis. Ratios of less than 0.05, 0.1 or 
0.25 are acceptable. Ideally, the ratio Anz/Anx is 0, but ratios 
of less than 0.25 or 0.5 also produce a useable polarizer. 

FIG. 22 shows the reflectivity (plotted as -Ljog[l-R]) at 
75** for p polarized light with its plane of incidence in the 
non-stretch direction, for an 800 layer stack of PEN/coPEN. 
The reflectivity is plotted as function of wavelength across 
the visible spectrum (400-700 nm). The relevant indices for 
curve a at 550 nm are nly=1.64, nlz«1.52, n2y=1.64 and 
n2z=1.63. The model stack design is a linear thickne^ grade 
for quarterwave pairs, where each pair thickness is given by 
d„=d^+d^(0.003)n. All layers were assigned a random thick- 
ness error with a gaussian distribution and a 5% standard 
deviation. 

Curve a shows high off-axis reflectivity across the visible 
spectrum along the transmission axis (the y-axis) and that 
different wavelengths experience different levels of reflec- 
tivity. This is due to the large z-index mismatch (Anz=0.11). 
Since the spectrum is sensitive to layer thickness errors and 
spatial nonuniformities, such as film caliper, this gives a 
biaxial birefringent system with a very nonuniform and 
"colorful" appearance. Although a high degree of color may 
be desirable for certain apphcations, it is desirable to control 
the degree of off-axis color, and minimize it for those 
applications requiring a uniform, low color appearance, such 
as liquid crystal displays or other types of displays. 

Off-axis reflectivity, and off-axis color can be minimized 
by introducing an index mismatch to the non-stretch 
in-plane indices (nly and n2y) that create a Brewster con- 
dition 00" axis, while keeping the s-polarization reflectivity 
to a minimum. 

FIG. 23 explores the effect of introducing a y-index 
mismatch in reducing off-axis reflectivity along the trans- 
mission axis of a biaxial birefringent system. With nlz=1.52 
and n2z=1.63 (Anz=0.11), the following conditions are 
plotted for p polarized light: a) nly=n2y=1.64; b) nly=1.64, 
n2y=1.62; c) nly=1.64, n2y=1.66. Curve a shows the reflec- 
tivity where the in-plane indices nly and n2y are equal. 
Curve a has a reflectance minimum at 0°, but rises steeply 
after 20**. For curve b, nly>n2y, and reflectivity increases 
rapidly. Curve c, where nly<n2y, has a reflectance minimum 
at 38**, but rises steeply thereafter. Considerable reflection 
occurs as well for s polarized light for nly^n2y, as shown by 
curve d. Curves a-d of FIG. 23 indicate that the sign of the 
y-index mismatch (nly-n2y) should be the same as the 
z-index mismatch (nlz-n2z) for a Brewster minimum to 
exist. For the case of nly=n2y, reflectivity for s polarized 
light is zero at all angles. 

By reducing the z-axis index difference between layers, 
the off axis reflectivity can be further reduced. If nlz is equal 
to n2z, FIG. 18 indicates that the extinction axis stiU 
have a high reflectivity off-angle as it does at normal 
incidence, and no reflection would occur along the noo- 
stretch axis at any angle because both indices are matched 
(e.g., nly=n2y and nlz=n2z). 

Exact matching of the two y indices and the two z indices 
may not be possible in some multilayer systems. If the z-axis 
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indices are not matched in a polarizer construction, intro- 
duction of a slight mismatch may be desired for in-plane 
indices nly and n2y. This can be done by blending additional 
components into one or both of the material layers in order 

5 to increase or decrease the respective y index as described 
below in Example 15. Blending a second resin into either the 
polymer that forms the highly birefringent layers or into the 
polymer that forms the selected polymer layers may be done 
to modify reflection for the transmission axis at normal and 

10 off- normal angles, or to modify the extinction of the polar- 
izer for light polarized in the extinction axis. The second, 
blended resin may accomplish this by modifying the crys- 
tallinity and the index of refraction of the polymer layers 
after orientation. 

15 Another example is plotted in FIG. 24, assuming nlz- 
1.56 and n2z=1.60 (Anz=0.04), with the following y indices 
a) nly«1.64, n2y=1.65; b) nly=l,64, n2y 1.63. Curve c is for 
s-polarized light for either case. Curve a, where the sign of 
the y-index mismatch is the same as the z-index mismatch, 

20 results in the lowest off-angle reflectivity. 

The computed off-axis reflectance of an 800 layer slack of 
films at 75° angle of incidence with the conditions of curve 
a in FIG. 24 is plotted as curve b in FIG. 22. Comparison of 
curve b with curve a in FIG. 22 shows that there is far less 

25 off-axis reflectivity, and therefore lower perceived color and 
better unfformity, for the conditions plotted in curve b. The 
relevant indices for curve b at 550 nm are nlyol.64, 
nlz=1.56, n2y=1.65 and n2z=1.60. 

FIG, 25 shows a contour plot of equation 1 which 

30 summarizes the off axis reflectivity discussed in relation to 
FIG. 15 for p-polarized light. The four independent indices 
involved in the non-stretch direction have been reduced to 
two index mismatches, Anz and Any. The plot is an average 
of 6 plots at various angles of incidence from 0° to 75® in 15 

35 degree increments. The reflectivity ranges from 0.4x10"'* for 
contour j, to 4.0x10"'* for contour a, in constant increments 
of 0.4x10"'*, The plots indicate how high reflectivity caused 
by an index mismatch along one optic axis can be ofiket by 
a mismatch along the other axis. 

40 llius, by reducing the z-index mismatch between layers 
of a biaxial birefringent systems, and/or by introducing a 
y-index mismatch to produce a Brewster effect, off-axis 
reflectivity, and therefore off-axis color, are minimized along 
the transmission axis of a multilayer reflecting polarizer. 

45 It should also be noted that narrow band polarizers 
operating over a narrow wavelength range can also be 
designed using the principles described herein. These can be 
made to produce polarizers in the red, green, blue, cyan, 
magenta, or yellow bands, for example. 

50 An ideal reflecting polarizer should transmit all light of 
one polarization, and reflect aU light of the other polariza- 
tion. Unless laminated on both sides to glass or to another 
film with a clear optical adhesive, surface reflections at the 
air/reflecting polarizer interface will reduce the traasmission 

55 of hght of the desired polarization. Thus, it may in some 
cases be useful to add an antireflection (AR) coating to the 
reflecting polarizer. The AR coating is preferably designed 
to dereflcct a film of index 1.64 for PEN based polarizers in 
air, because that is the index of all layers in the nonstrctch 

60 (y) direction. The same coating wiU have essentially no 
effect on the stretch direction because the alternating index 
stack of the stretch direction has a very high reflection 
coeflBcient irrespective of the presence or absence of surface 
reflections. Any AR coating known in the art could be 

65 apphed, provided that the coating does not overheat or 
damage the multilayer film being coated. An exemplary 
coaling would be a quarterwave thick coating of low index 
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PEN based matenals), ^^^^ abovendescribed polymers or copolymers (e.g.. 

Materials Selection and Processing blends of SPS and atactic polystyrene). The coPEN 

With the above-described design considerations 5 descn^ed may also be a blend of pellets where at least one 
established one of ordinary skill will readily appreciate that component is a polymer based on naphthalene dicarboxyiic 
a wide variety of material can be used to form multilayer acid and other components are other polyesters or 
mirrors or polarizers according to the invention when pro- polycaibonates, such as a PET, a PEN or a co-f bfN 
cessed under conditions selected to yield the desired refrac- Particularly preferred combinations of layers m the case 
tive index relationships. The desired refractive index rela- 30 of polarizers include PEN/co-PEN, polyethylene terephtha- 
tionships can be achieved in a variety of ways, including ^^^^ (PET)/co-PEN, PEN/sPS, PET/sPS, PEN/Eastar and 
stretching during or after fihn formation (e.g., in the case of PET/Eastar, where "co-PEN" refers to a copolymer or blend 
organic polymers), extruding (e.g., in the case of hquid ^^^sed upon naphthalene dicarboxyUc acid (as described 
crystalline materials), or coating. In addition, it is preferred ^^^^^ ^nd Eastar is polycyclohexanedunethylene tereph- 
that the two materials have simUar rheological properties 15 jt^aiate commerciaUy available from Eastman Chemical Co. 
(e g melt viscosities) such that they can be co-extruded. Particularly preferred combinations of layers in the case 

In general appropriate combinations may be achieved by ^jirrors include PET/Ecdel, PEN/Ecdel, PEN/sPS, PEN/ 

selecting, as the first material, a crystalline or semi- xhV, PEN/co-PET, and PET/sPS, where "co-PEP' refers to 
crystalline material, preferably a polymer. The second ^ copolymer or blend based upon terephthalic acid (as 
material in turn, may be crystalline, semi-crystalline, or 20 described above), Ecdel is a thermoplastic polyester corn- 
amorphous. The second material may have a birefringence mercially available from Eastman Chemical Co., and THV 
opposite to or the same as that of the first material. Or, the ^ ^ fluoropolymer commercially available from 3M Co. 
second material may have no birefringence. number of layers in the device is selected to achieve 

Specific examples of suitable materials include polyeth- desired optical properties using the minimum number of 

ylene naphthalale (PEN) and isomers thereof (e.g., 2,6-, 25 layers for reasons of fihn thickness, flexibiUty and economy 
1 4- 1,5- 2 7- and 2,3-PEN), polyalkylene lerephlhalates ^j^^ of ^Qth polarizers and mirrors, the number of 

(e g polyethylene terephthalate, polybutylene j^y^^^ ^ preferably less than 10,000, more preferably less 
terephthalate, and poly-l,4-cyclohexanedimethylene ^^^^ 5 qqq^ ^^^^^^ ^ore preferably) less than 2,000. 
terephthalate), polyimides (e.g., polyacrylic imides), ^ discussed above, the ability to achieve the desired 
polyelherimides, atactic polystyrene, polycarbonates, poly- 30 ^g^^tionsijips among the various indices of refraction (and 
methacrylates (e.g., polyisobutyl melhacrylatc ^^^.^^j properties of the multUayer device) is 

polvpropylmethacrylate, polyethylmethacrylate, and influenced by the processing conditions used to prepare the 
polymethylmethacrylate), poly acrylates (e.g., polybuty- umHiiayer device. In the case of organic polymers which can 
lacrylate and polymethylacrylate), syndiotactic polystyrene oriented bv stretching, the devices are generaUy prepared 

(sPS), syndiotactic poly-alpha-methyl styrene, syndiotactic 35 co-extruding the individual polymers to form a multilayer 
polydichlorostyrene, copolymers and blends of any of these ^^^^ orienting the film by stretching at a selected 

polystyrenes, ceUulose derivatives (e.g., ethyl cellulose, temperature, optionally followed by heat-setting at a 
cellulose acetate, cellulose propionate, cellulose acetate ggigcted temperature. Alternatively, the extrusion and onen- 
butyrate, and cellulose nitrate), polyalkylene polymers (e.g., ^^^.^^ ^^^^^ performed simultaneously. In the case of 

polyethylene, polypropylene, polybutylene 40 p^ji^-^^grs, the film Is stretched substantially in one direction 
polyisobutylene, and poly(4-methyl)pentene), fluonnated (uniaxial oriemation), while in the case of mirrors the fihn 
polymers (e.g., perfluoroalkoxy resins, stretched substantially in two directions (biaxial 

polytetrafluoroethylene, fluorinated ethylene-propylene orientation). 

copolymers, poly vinylidene fluoride, and ytj^ may be allowed to dimensionaUy relax in the 
polychlorotrifluoroethylene), chlorinated polymers ^c-g-, 45 direction from the namral reduction in cross- 

polyvinylidene chloride and polyvinylchloride), s^^etch (equal to the square root of the stretch ratio) to being 
polysulfones, polyethersulfones, polyacrylonitriie, ^Qjj3jj.^in^d (j^^ ^o substantial change in cross-stretch 
polyamides, silicone resins, epoxy resins, polyvmylacetate, ji^j^^Qgions) The film may be stretched in the machine 
polyether-amides, ionomeric resins, elastomers (e.g., ^^^^.^jon as with a length orienter, in width using a tenter, 
polybutadiene, polyisoprene, and °^°P^^°"); f ^^^^^^ -n^e pre-stretch temperature, stretch temperaUire, stretch 

thanes. Also suitable are cx3^ y«^ers ^ f '^'^l^'f^^^ rate, stretch ratio, heat set temperature, heat set time, heat set 

PEN (e.g., copolymers of 2,6- 1,4-, 1,5-, ^'Z-' relaxation and cross-stretch relaxation are selected to yield 

2,3-naphthalene dicarboxyiic acid, or esters thereof, with (^ a SaVr dev^ having the desired refractive index 
terephlhalic acid, or esters thereof; (b) ^Phlhahc acnd, or inter^ependem; thus, for 

esters thereof; (c)phthahc acid, or esters thereof; (d) alkane 55 ^^"^P- ^^^^^^ ,ate Lid be used if 

glycols; (e) cycloalkane glycols (e-g,, cyclohexane d^^^^^^^ cZed w th t , a^^^ ^'^'^^ temperature. It 

nol diol); (0 alkane dicarboxyhc acids fe) i^^^^^^ w7be a^ar;nt't; one of ordinary skiU how to select the 

kane dicarboxyiic acids (e.g., cyclohexane d carboxylic ™ combination of these variables to achieve the 
acid)), copolymers of P^'^^^^^^^^^^^^ ,0 S ruSe'Lvice. In general, however, a stretch 

copolymers of terephthalic acid, or ^^^"^'^^"^^^^^^^ '° "lios in the range from 1:2 to 1:10 (more preferably 1:3 to 
naphthalene dicarboxyiic acid, -^e^^^^^^^ ^ ^P ; ~,^e Jretlh direction and from 1:0.5 to 1:10 (more 
thalic acid, or esters thereof; (c) phthalic acid, or esters | , ^ ^.q 5 1:7) orthogonal to the sUetch 

thereof; (d) alkane glycols; (e) cycloalkane glycols (e.g., preferably ^rotn i^^'^ ' > ^ 
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polyimides. and vacuum deposition (e.g., as described by stretched at a 5:1 raao m a longitudinal d^'^^f 

Zane et al., AppL Phys. Letters, 59:823 (1991) for crystal- sides restrained at an air temperature of 140 C. dunag 

line organic cornpounds; the latter technique is particularly stretching. Except for skin layers, aU paire of laye^ were 

useful for certain combinations of crystalHne organic com- designed to be wavelength optical thickness for 550 nm 

pounds and inorganic materials. 5 light. 

Tlie invention will now be described by way of the Two 204-layer polarizers made as described above were 

following examples. In the examples, because optical then hand-laminated using an optical actoesive to produce 

absorption is negUgible, reflection equals 1 minus transmis- 408-layered fihn stack. Preferably the refractive index of the 

1 -n adhesive should match the index of the isotropic coPEN 
sion ^K=i-i;. 

10 layer. 

EXAMPLE 1 FIG. 5 illustrates the transmission data in both the ori- 
ented direction 33 and transverse direction 31. Over 80 

(Polarizer) percent of the light in one plane of polarization is reflected 

PEN and a 70 naphthalate/30 terephthalate copolyester for wavelengths in a range from approximately 450 to 650 

(coPEN) were synthesized in a standard polyester resin nm. 

kettle using ethylene glycol as the diol. The intrinsic vis- jhe iridescence is essentially a measure of nonunifonni- 

cosity of both the PEN and the coPEN was approximately ties in the fihn layers in one area versus adjacent areas. With 

0.6 dl/g- Single layer films of PEN and coPEN were perfect thickness control, a fihn stack centered at one 

exuiided and then uniaxially stretched, with the sides wavelength would have no color variation across the 

restrained, at approximately 150° C. As extruded, the PEN ^0 sample. Multiple stacks designed to reflect the entire visible 

exhibited an isotropic refractive index of about 1.65, and the spectrum will have iridescence if significant fight leaks 

coPEN was characterized by an isotropic refractive index of through random areas at random wavelengths, due to layer 

about 1.64. By isotropic is meant that the refractive indices thickness errors. The large differential index between film 

associated with all axes in the plane of the film are substan- layers of the polymer systems presented here enable fihn 

tiaUy equal. reflectivities of greater than 99 percent with a modest 

Both refractive index values were observed at 550 nm. number of layers. This is a great advantage in eliminating 

After stretching at a 5:1 stretch ratio, the refractive index of iridescence if proper layer thickness control can be achieved 

the PEN associated with the oriented axis increased to in the extrusion process. Computer based optical modehng 

approximately 1.88. -nie refractive index associated with the has shown that greater than 99 percent reflectivity across 

transverse axis dropped slightly to 1.64. llie refractive index most of the visible spectrum is possible with only 600 layers 

of the coPEN fihn after stretching at a 5:1 stretch raUo for a PEN/coPEN polarizer if the layer thickness values are 

remained isotropic at approximately 1.64. controlled with a standard deviation of less than or equal to 

A satisfactory multilayer polarizer was then made of 10 percent, 

alternating layers of PEN and coPEN by coextrusion using 35 EXAMPLE 3 
a 51-sIot feed block which fed a standard extrusion die. The 

extrusion was run at approximately 295** C. The PEN was (PET:Ecdel, 601, Mirror) 

extruded at approximately 23 Ib/hr and the coPEN was . . ^r.. , ^ « 

at app'roximatel/22.3 Ib/hr. Tte PEN skin layers A coextmded film coolaiamg 601 layers made on a 

were approximately three times as thick as the layers within 40 sequential flat-film-making Ime v.a a coextrusion process A 

rextmde^film sLk. All internal layers were designed to Polyethylene terephthalate PET) wi«> an Intnns.c V,s<x,s,.y 

have ^optical V4 wavelength thickness for Ught of about of 0.6 dt/g (60 wt. % phenoV40 wt. % dichlorobenzene) was 

nm The 51-layer slack as extruded and cast to a delivered by one extruder at a rate of 75 pounds per hour and 

hld^ness of approximately 0.0029 inches, and then uniaxi- Ecdel 9966 (a thermoplastic elastomer avaJable from E^- 

aUy stretched with the sides restrained at approximately a « man Chemical) was dehvered by another extruder al a rate 

5:1 stretch ratio a. approximately 150" C. The stix^tched fitai of 65 pounds per hour, fhe PtTwas on the sk^ layer^. fte 

had a thickness of appttiximately 0.0005 inches. feedblock method (such as that descnbed in U.S. Pal. No. 

naa a idu-kiicss <ji :ii>i> j j , 3 801 429') was used to generate 151 layers which was 

THe stretched film was then heat ^if^r 30 sec^^^^^^^^ 'pSJhrough two multipliers producing an extrudate of 

approximately 230^ C. m an air oven. TT^e optical spec ra P S No 3,565,985 describes exemplary 

were essentially the same for fihn that was stretched and for so l^^^;^^ j^^^ ^^\,^^ length oriented to a 

fihn that was subsequently heat set. ^^^^ ^^^.^ ^^^^^ 3^ ^^.^^ temperature at about 

EXAMPLE 2 210* F. The fihn was subsequently preheated to about 235® 

P. in about 50 seconds and drawn in the transverse direction 

(Polarizer) « to a draw ratio of about 4.0 at a rate of about 6% per second. 

, J . - u., .vfn.H The fihn was then relaxed about 5% of its maximum width 

Asatisfactory 204-layered pol^^/^^^^^^^ 3 heat-set oven set at 400* F. Tlie finished film thickness 

ing PEN and coPEN in the 51-slot feedblock as described m 2 5 mil 

Example 1 and then employing two layer doubling mulli- * ' u • . «h,« th^ 

S in in the exlrJion The multiplier divide the THe cast web produced was rough m texture on the a^r 

emidS ma,"ri 1 exiting the feed block into two half-width 50 side, and provided the "^-^'1;° ^ J"^^""^ 

flow streams, then stack the half-width flow streams on top % transmission for p-polar«ed /'JO^^f^^^.''^ 

of each other. U.S. Pat. No. 3,565.985 describes similar is sundar the va ue at normal incidence (curve a) (with a 

coextrusion multipliers. The extrusion was performed at wavelength shilt). 

approximately 295° C. using PEN at an intrinsic viscosity of For comparison, film made by Mearl Corporation, pre- 

0 50 dl/K at 22.5 Ib/hr while the coPEN at an intrinsic 65 sumably of isotropic matenals (see FIG 27) showsanoUce- 

viscosity of 0.60 dl/g was run at 16.5 Ib/hr. Tlie cast web was able loss in reflectivity for p-polanzed light at 60° angle 

approximately 0.0038 inches in thickness and was uniaxially (cui^-e b, compared to curve a for normal incidence). 
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EXAMPLE 4 0-53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 

delivered by one extruder at a rate of 56 pounds per hour and 

(PET Ecdel, 151, Mirror) THV 500 (a fluoropolymer available from Minnesota Min- 
ing and Manufacturing Company) was delivered by another 
A coextnided film containing 151 layers was made on a ^ extruder at a rate of 11 pounds per hour. The PEN was on the 

sequential flat-film-making line via a coextrusion process. A ^^^^^ p^j^ present in the two skin 

Polyethylene terephthalate (PET) with an Intnnsic Viscosity ^^^^^ feedblock method was used to generate 57 layers 

of 0.6 dVg (60 wt phenoV40 wt. % dichlorobenzene) was ^^.^^^ ^^^^ through three multipUers producing an 

delivered by one extruder at a rate of 75 pounds per hour and ^^trudale of 449 layers. The cast web was 20 mils thick and 

Ecdel 9966 (a thermoplastic elastomer available from East- .^^^^^ y^^^^ biaxiaUy oriented using 

man Chemical) was delivered by another extruder at a rate ^ laboratory stretching device that uses a pantograph to grip 

of 65 pounds per hour. The PET was on the skin layers. The ^ ^^^^^ section of fihn and simultaneously stretch it in both 

feedblock method was used to generate 151 layers. ^Vhe web ^j^reclions at a uniform rate. A 7.46 cm square of web was 

was length oriented to a draw ratio of about 3.5 with the web ^^^^^^ .^^^ stretcher at about 100° C. and heated to 140° 

temperamre at about 210° F. The film was subsequenUy ^ ^ ^ seconds. Stretching then commenced at 10%/sec 

preheated to about 215° R in about 12 seconds and drawn m ^^^^^^ original dimensions) until the sample was 

the transverse direction to a draw ratio of about 4.0 at a rate gtj^tched to about 3.5x3.5. Immediately after the stretching 

of about 25% per second. The fihn was then relaxed a^ut sample was cooled by blowing room temperature air at 
5% of its maximum width in a heat-set oven set at 400 F. 

in about 6 seconds. The finished film thickness was about 0.6 * ^^^^^ transmission of this multilayer film, 

mil. Again, curve a shows the response at normal incidence. 

The transmission of this film is shown in FIG. 28. The % ^^^^ shows the response at 60 degrees, 

transmission for p-polarized Ught at a 60° angle (curve b) is . ..nr n t 

similar the value at normal incidence (curve a) with a EXAMPLE 7 

wavelength shift. At the same extrusion conditions the web ^EN CoPEN 449-Low Color Polarizer) 

speed was slowed down to make an infrared reflecting film (i'liiN.uoi'tiiN, j 

with a thickness of about 0.8 mils. Ilie transmission is coextnided fihn containing 449 layers was made by 

shown in FIG. 29 (curve a at normal incidence, curve b at 60 extruding the cast web in one operation and later orienting 

degrees) the film in a laboratory fihn-stretching apparatus. A Poly- 

30 ethylene naphthalate (PEN) with an Intrinsic Viscosity of 

EXAMPLE 5 0.56 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 

. . delivered by one extruder at a rate of 43 pounds per hour and 

(PEN:Ecdel, 225, Muror) ^ ^^p^^^ ^^^j 2,6 NDC and 30 mol % DM^V) with an 

A coextnided fihn containing 225 layers was made by intrinsic viscosity of 0.52 (60 wt. % phenol/40 wt. % 

extnidine the cast web in one operation and later orienting 35 dichlorobenzene) was deUvered by another extnider at a rate 

the film in a laboratory fihn-stretching apparatus. A Poly- of 25 pounds per hour. TTie PEN was on the skin layers and 

ethvIenenaphthalate(PEN)withan Intrinsic ViscosityofO.5 40% of the PEN was present m the two skm layers The 

dl/e (60 wt % phenoV40 wt. % dichlorobenzene) was feedblock method was used to generate 57 layers which was 

delivered by one extnider at a rale of 18 pounds per hour and passed through three multipliers producing an extmdate of 

Ecdel 9966 (a thermoplastic elastomer available from East- ^ 449 layers. The cast web was 10 mils thick and 12 mches 

man Chemical) was delivered by another extnider at a rate wide. The web was later uniaxiaUy oriented using a labo- 

of 17 pounds per hour llie PEN was on the skin layers. The ratory stretching device that uses a pantograph to grip a 

feedblock method was used to generate 57 layers which was square section of film and stretch it m one direction while it 

passed through two multipliers producing an extmdate of is constrained in the other at a uniform ^^te. A 7 46 cm 

225 layers -Rie cast web was 12 mils thick and 12 inches 45 square of web was loaded mto the stretcher at about 100 C. 

v^ade The web was later biaxiaUy oriented using a labora- and heated to 140° C. in 60 seconds. Stretching then 

torv stretching device that uses a pantograph to grip a square commenced at 10%/sec (based on onginal dimensions) until 

section of film and simultaneously stretch it in both direc- the sample was stretched to about 5.5x1. Immediately after 

tions at a uniform rate. A 7.46 cm square of web was loaded the stretching the sample was cooled by blowing room 

into the stretcher at about 100° and heated to 130° C. in 60 50 temperamre air at it. 

seconds. Stretching then commenced at 100%/sec (based on piG. 32 shows the transmission of this multilayer fUm. 
original dimensions) until the sample was stretched to about Curve a shows transmission of light polarized in the non- 
3 5x3 5 Immediately after the stretching the sample was stretch direction at normal incidence, curve b shows trans- 
cooled by blowing room temperature air on it. mission of p-polarized light at 60° incidence, and curve c 
FIG 30 shows the optical response of this multilayer film 55 shows transmission of fight polarized in the stretch direcuoii 
(curl^aTno^al incLnce, c^rve b at 60 degrees). Note ^t normal incklence. Note the very high tr.^^^^ 
hat the % transmission for p-polarized light at a 60° angle polarized m the non-stretch direction at ^olh °om,al a^^^ 
is similar to what it is at normal incidence (with some incidence. Average transmission for curve a over 4(^700 
1 Ik K-fA nm is 87.1%, whUe average transmission for curve b over 
wavelength shift). ^^^^^^ ^^^^^ Transmission is higher for 

EXAMPLE 6 p-polarized light at 60° incidence because the air/PEN 

interface has a Brewster angle near 60°, so the transmission 

(PEN:THV 500, 449, Mirror) ^qo incidence is neariy 100%. Also note the high exlinc- 

A coextnided fihn containing 449 layers was made by tion of light polarized in the stretched direction in the visible 

extmSe casi w^^^^^ one operation and later orienting 65 range (400-700 nm) shown by curve c, where the average 

h fit'in a latrltory fihn-stretching apparatus. A Poly- ^rai^m^ion is 21.0%. ^ % RMS co or for curve a is 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 1.5%. The % RMS color for curve b is 1.4%. 
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AcoextrudedWm containing 601 layers was produced by j^rfzed light at both normal J^^J'^'^lg 

Jn,H^na^e web and two days later orienting the film on ^ ^ transmission for curve a over 400-700 SS;"^ 

^, ,/n.« ihan deTribed in aU the other examples. A ^ ,^ ^.^^i^^n for curve b over 400-700 nm 

a different tente than de^nt^a^^^^^^^ ^^ M,d tn ^ ,«nsmission for curve c over 

B^k^^^^~l ™ 10 

C^rSr:" (PEN:CoPHN.601.Po.aH.er) 

Lthod was used to generate 151 layers ^^ch was passed ^ ^^^^.^j^^ l,y,^ ^33 „ade on a 

tough two multipUers producmg an extrudate of 601 flat-film-making line via a coextnision process A 

S^rf U5.Pat.No 3^65,985describessmi.lar«)e^^^^ Ethylene naphthalate (PEN) with an intrir^ic v«»s.ty 

m;,ltinliers All stretching was done in the tenter. Tte flto (60 wt % Phenol plus 40 wt % dichlorobenzene) 

r 'ptheat^Jtf about W F. in about 20 «con J -d J^J^^^^^^^^^ 

drawS in the transverse direction toadrawratioofa^^^^^^ ^„ coPEN^was deUvered by another extruder a^^ 

at a rate of about 6% per second. The film was then reuxea ^ copolymer of 70 mole % 

aL^u, 2% of its maximum width in a heat-set oven set at P°»°f P^^'^^^„^ dicarboxylate methyl ester. 15% dimethyl 

460° F. ITie finished film thickness was 1 .8 mil. i^phthalale and 15% dimethyl terephthalate with ethylene 

me transmission of the film is shown in FIG. 33. Curve P ^^^^^ ^ed to generate 151 

a sE^^ '"admission of light polarized in the non-stretch g ^^^.j^^^ designed to P/oduce ^ g^^dien 

direcrnatnormalincidence,curvebshowstrarBm«^ distribution of layers with a ration o thickness of the opUc^^ 

S poS light at 60° incidence, and curve c shows trans- ^ ^2 for the PEN and 1 .22 tor the.coPEN Tie PEN 

^ on nf liaht oolafized in the stretch direction at normal y coextruded on the outside of the opUcai 

Sencf Str„oruniform transmission of p-polarued ^^-^ „f 3% of the coextruded laye- 

£ at^th normal and 60° incidence. The average tra^- 30 ; ^ ^^^^^ was multiplied by two sequentia mulu- 

£on for wrve a over 400-700 nm is 84.1%, while the ^uhiplication ratio of the multiphers 

™et«nsSonforcurvebover40(^7W £'^1.2 and 1.27. respectively. The film was ^ibseque,^^^ 

Serage transmission for curve c is 9.1%. T^e % RMS 3^30 p .bom 40 seconds and drawn m the 

Sor to Se a is 1.4%, and the % RMS color for curve b P ^.^^^^^^ , ^raw ratio of about 5.0 a^ a ra^ of 
"^112% 35 6% per second. TTie finished fihn thickness was about 2 mils. 

tte mm in a laboratory film-stretching apparatus. A Poly- j^^j^^ li ^t at both normal and 60 ^"dence 

SvSe Terephthalate (PET) with an I°«nn«^ Viscosity of ^^^^^^y ^ the very high "tmction of Ugh 

0 60 dVa (60 ^. % phenol/40 wt. % dichlorobenzene) was ^ ^^^^.^^ed direction m the visible ange 

Sl^rmet^h^dta^i^^t^^^^^^^^^ - (peN.sPS, 481. Polar^er) 
passed through thr^muiaplg. p« A 481 layer multUayer film was made from a polyethylene 
449 layers. U.S. Pat. No. 3p65,985 "esCTwes ^ naohthalate (PEN) with an intrinsic viscosity of 0 56 dl/g 
irusion multipUers. The cast web was ^ f J"'^ '^^^"^^ in M w . % phenol and 40 wt % dichlorobenzene 
inches wide. Tbc web was later [ IrS from Eastman Chemicals and a syndiotactic poly- 
laboratory stretching device that uses a pantogra J to gP a 55 P"^^""^^^^^^^ bomopolymer (weight average molecular 

square section of film and stretch urn one ^^^^^ ^^'^ we j -2^.(K)0 Daltons: sampled from Dow Corpo«t.on^ 

-r^^^ri^aSr^t^^e s^er^^^^^^ -fcouT^S ^ "^^2^"^:^^^^^^^ 

temperature air at it. The fimshed thiclm^ w^^^^^^^^ | ^^j^^ „ , ,oial rate of 22 pounds per hour. 

1.4 mil. -mis film had sufficient adhesion to survive auer m ^ ^ ^.^ ^ ^j^^^^^ 

orientation process with no delamina .on_ 65 Tbe .eb ^ .^^^^ ^„ ^^^p„3. 

0.".?a".ot^a:Sn=:^H^^^^^^^^^^ - was 290° C. 



04/19/2004, EAST version: 1.4.1 



5,828,488 

29 3® 

about 0.0018 mchcs (0.046 mm^ ^ for each pair Each pair thickness, d. was determined 

FIG. 36 shows the opucal performance ot tins ftw.sro ^ formula d=d +d *0.003*n, where d„ is the mmmium 

reflective polarizer containing 481 layers C^^f » thickness, and°n is°the pair number between 1 and 75. 

uansmission of light polarized m the non-stretch direcuon at ^ ^^^^^ multiplied by two sequential muIU- 

.Doraial incidence, curve b shows transmission of p-polanzed ^^^.^^ multipUcaUon ratio of the multipUers 

Ugbt at 60° incidence, and curve c shows transmission ot F ^ ^ ^7, respectively. The film was subsequently 

light polarized in the sUretch direction at normal >nciden^_ ^^^^j^^ ^^ 320' F. in about 40 seconds and drawn in the 

Note the very high transmission of p-polanzed bght at both {^^^^^^^ direction to a draw ratio of about 5.0 at a rate of 

normal and 60° incidence. Average transmission tor curve a ^^^^^ finished fibn thickness was about 2 mils, 

over 400-700 nm^ 86^2% the av^^^^^^^^^ A^ilical sol gel coating was then appUed to one side of the 

visible range (400-700 nm) sho«Ti Dy <mive ^ reflecting polarizer film were cut out and the two 

% RMS color for curve b ,s 18.2%. p^^^^j directions were obtained. Tlie sample 

EXAMPLE 12 was then rinsed with a 2% solution of ammonium bifluonde 

25 (NH4 HF2) in deonized water to remove the AR coating. 
(PET:Ecdel, 601, Minor) Spectra of the bare multUayer were then taken for compari- 

son to the coated sample. 

Acoextruded film containing 601 layers was made on a ^^^^ ^ ^^^^^ uncoated 

sequential flat-film-making line via a coextrusion process. A ^ 5^^^ (he transmission and 

Polyethylene terephthalate (PET) with an IntnnsicV,scc«. y 3^ P ^^ respectively, of the AR coated reflecting 
of 0.6 dl/g (60 wt. % phenol/40 wt. f dichlotobenzene) was exim^^ ^^^^ ^ y.^^ ^ ^^^^ transmission and 
delivered to the feedblock at a rate of 75 pounds per hour and ^^^.^^.^^^ respectively, of the uncoated reflecting polarizer. 
Ecdel 9967 (a thermoplastic elastomer available from tas'" ^^^^ extinction spectrum is essentially unchanged, 

man Chemical) was deUvered at a rate of ^ pounds per ^^^^ transmission values for the AR coated polarizer 

hour. The PET was on the skin layers. The feedblock method 35 g t,^^ 5gg ^^Ue 

was used to generate 151 layer, which w- pa-d through are al-ost 10%Jji^^ ^^^g^^ ^ ^^^^ 
two multipUers producmg an extrudate of 601 aye-^^ IT^e ^^^^^^^^ ^ ^jt^j polarizer was 97.0% at 675 
muhipUers had a nominal multiphcaUon ratio of L2 (next to transmissions for curve a over 400-700 nm was 

feedblock) and 1.27. Two skin layers at a tola throughput of ^ transmission for curve d over 400-700 

24 pounds per hour were added symraelncally between the ^ ^^^^^ 8 
last multiplier and the die. The skin layers were composed nm was :>Mi /o. 
of PET and were extruded by the same extruder supplying EXAMPLE 14 

the PET to the feedblock. The web was length onented to a 

draw raUo of about 3.3 with the web temperature at about (PET:Ecdel, 601, Polarizer) 

205° F The film was subsequently preheated to about 205 ^5 

F in about 35 seconds and drawn in the transverse direction A coextruded film containmg 601 layers was made on a 
to a draw ratio of about 3.3 at a rate of about 9% per second. sequential flat-fihn-making line via a coextrusion process. A 
^e film was then relaxed about 3% of its maximum width polyethylene terephthalate (PET) with an Intrmsic Viscosity 
in a heat-set oven set at 450° R The finished fihn thickness of 0.6 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
was about 0 0027 inches. 50 delivered to a feedblock by one extruder at a rate of 75 

is plotted as curve b. m luminous reflectivity lor curve ^^^^ p^Twason the skin layers. TTie feedblock method 

^ 55 was used to generate 151 layers which passed through two 

EXAMPLE 13 multipliers (2x) producing an extrudate of 601 layers. A side 

stream with a throughput of 50 pounds per hour was taken 

(PEN CoPEN, 601.Antireflecled Polarizer) from the PET extruder and used to add two skin layers 

' , between the last multiolier and the die. The web was length 

A coextruded film containing 601 layers was made on a be^w^n f Je^M .P ^^^^ . ^ ^„ 

sequential flat-fihn-making Ime via a coex^ioi^ process. A 60 ttnltrcd. The finished 

Polyethylene naphthalate (PEN) with an intrinsic viscosity ture '^^J^ was about 2.7 mil. 

ofa54dl/g(60vvt%Phenolplus40v^%dic^^^^^^ ^,0 jTsLr^transmission for this film. Curve a 

ZT'c^fEr::'^::.^^^^^^^^ shliS tS ^llmission of Ught polarized in the^tre^h 

? "hn,Vr ^^«,PEN was a copolymer of 70 mole % 65 direcuon. whUe curve b shows the transmissjon of Ught 

^rZ^l^^^Z'^rJS^^r., 30% dimethyl polarized orthogonajto^e sUetch djrectio. ^e average 

terephSialate with ethylene glycol. The feedblock method Uansmussion firom 400-700 nm for curve a 39.16A. 
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EXAMPLE 15 
(PEN:CoPEN, 449, Polarizers) 

A coextnided film contaiaing 449 layers was made by 
extruding the cast web in one operation and later orienting 
the film in a laboratory fihn-stretching apparatus. A poly- 
ethylene aaphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 26.7 pounds per hour 
to the feedblock and a different material was delivered by 
second extruder at a rate of 25 pounds per hour to the 
feedblock. The PEN was the skin layers. The feedblock 
method was used to generate 57 layers which passed through 
three multipliers producing an extrudate of 449 layers. The 
cast web was 0.0075 mils thick and 12 inches wide. The web 
was later uniaxially oriented using a laboratory stretching 
device that uses a pantograph to grip a square section of film 
and stretch it in one direction at a uniform rate while it is 
constrained in the other. A 7.46 cm square of web was loaded 
into the stretcher at about 100* C. and heated to 140** C. for 
60 seconds. Stretching then commenced at 10%/sec (based 
on original dimensions) until the sample was stretched to 
about 5.5x1. Immediately after stretching, the sample was 
cooled by blowing room temperature air at it. 

The input to the second extruder was varied by blending 
pellets of the following poly(ethylene esters) three materials: 
(i) a CoPEN (70 mol % 2,6-napthalene dicarboxylate and 30 
mol % terephthalate) with an intrinsic viscosity of 0.52 (60 
wt. % phenol/40 wt, % dichlorobenzene); (ii) the PEN, same 
material as input to first extruder; (iii) a PET, with an 
intrinsic viscosity of 0.95 (60 wt. % phenol/40 wt. % 
dichlorobenzene)^ TTF 9506 purchased from Shell. 

For the film shown in FIG. 40A the input to the second 
extruder was 80 wt % of the CoPEN and 20 wt % of the 
PEN; for the film shown in FIG. 40B the input to the second 
extruder was 80 wt % of the CoPEN and 20 wt % of the PET; 
for the film shown in FIG. 40C the input to the second 
extruder was CoPEN. 

FIGS. 40A, 40B, and 4DC show the transmission of these 
multilayer films where curve a shows transmission of fight 
polarized in the non-stretch direction at normal incidence, 
curve b shows transmission of p-polarized light polarized in 
the non-stretched direction at 60*" incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note that the optical response of these 
films is sensitive to the chemical composition of the layers 
from the second extruder. The average transmission for 
curve c in FIG. 40A is 43.89%, the average transmission for 
curve c in FIG. 40B is 21.52%, and the average transmission 
for curve c in FIG. 40C is 12.48%. Thus, extinction is 
increased fi-om FIG. 40A to FIG. 40C. 

For the examples using the 57 layer feedblock, all layers 
were designed for only one optical thickness (Va of 550 nm), 
but the extrusion equipment introduces deviations in the 
layer thicknesses throughout the stack resulting in a fairiy 
broadband optical response. For examples made with the 
151 layer feedblock, the feedblock is designed to create a 
distribution of layer thicknesses to cover a portion of the 
visible spectrum. Asymmetric multiphers were then used to 
broaden the distribution of layer thicknesses to cover most 
of the visible spectrum as described in U.S. Pat. Nos. 
5,094 J88 and 5,094,793. 

The above described principles and examples regarding 
the optical behavior of multilayer films can be applied to any 
of the display configurations shown in FIGS. 1-3, 6, 9-11 or 
13. In a display such as that shown in RGS. 1-3, where the 
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reflective polarizer is located between an LCD panel and an 
optical cavity, a high color polarizer may be used, especially 
if the optical cavity produces substantially collimated light. 
The high color polarizer does not uniformly transmit fight at 
5 wide angles from the normal, which results in the nonuni- 
form appearance and "color*' off-axis. However, for those 
applications where a collimated fight source is used, the 
off-axis performance of the reflective polarizer is less impor- 
tant. 

10 Alternatively, in appfications where a diffiiser is located 
between the reflective polarizer and the LCD panel, a wide 
angle, low color polarizer is preferable. In this configuration, 
the diffuser will operate to randomize the direcfion of light 
incident on it from the reflective polarizer. If the reflecfive 

15 polarizer were not low color, then some of the off-axis color 
generated by the reflective polarizer would be redirected 
toward the normal by the dififtiser. This would result in a 
display with a nonuniform appearance at normal viewing 
angles. Thus, for a display in which a diffuser is located 

20 between the reflective polarizer and the LCD panel, a low 
color, v/idc angle reflective polarizer is preferred. 

Another advantage of a low color, wide angle polarizer in 
the displays shown in FIGS. 1-3 is that the undesired 
polarization is reflected not only at normal angles of 
incidence, but also at high off-axis angles. This allows even 
further randomization and recycling of light to occur, thus 
resulting in further brightness gains for the display system. 

In the displays of FIGS. 1-3, the reflective polarizer could 
be laminated or otherwise similarly adhered to or attached to 
the optical cavity and/or to the rear of the LCD panel. 
Laminating the reflective polarizer to the optical cavity 
eliminates the air gap between them and thus reduces 
surface reflections which would otherwise occur at the 
air/reflective polarizer boundary. These reflection reduce the 
total transmission of the desired polarization. By attaching 
the reflective polarizer to the optical cavity, the surface 
reflections are reduced and total transmission of the desired 
polarization is increased. 

40 If the reflective polarizer is not so attached to the optical 
cavity, use of an AR coated polarizer such as that described 
in Example 13 may be desirable. The AR coated polarizer 
described in Example 13 was place between the optical 
cavity and the LCD panel in a backlight computer display 

45 (Zenith Data Systems model Z-fite 320L). The brightness of 
the resulting display was measured with a Minolta brand 
luminance meter, model LS-lOO, at 90 degrees to the display 
surface and at a distance of 1 foot. The measured brightness 
of the modified display was 36.9 ft-lamberts. This was 

50 compared to the brightness of the unmodified display of 23.1 
fi-lamberts, for a gain of 60% over the original, unmodified 
display. 'ITie brightness of the display using the reflective 
polarizer without the AR coating was measured at 33.7 
ft-lamberts. The AR coated reflective polarizer gave a 9.5% 

55 brighter display than did the non-AR coated reflective 
polarizer. 

For the display configurations shown in FIGS. 9 and 10, 
a brightness enhanced reflective polarizer is placed between 
the LCD panel and the optical cavity. In these 

60 configurations, a low color, wide angle reflective polarizer is 
preferred. This is due to the beam turning effect of the 
structured surface material. The effect can be described with 
respect to FIG. 7. For a brightness enhanced reflective 
polarizer, light first passes through the reflective polarizing 

65 element. Thus, a beam having a large off-axis angle, such as 
beam 236 in FIG. 7, will pass through the reflective polar- 
izing element and impinge upon the smooth side of struc- 
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tured surface material 218. FIG. 7 shows that structured 
surface material 218 acts as a beam turning tens, redirecting 
beam 236 toward the normal as it exits the structured surface 
side of the material. A low color, wide angle reflective 
polarizer is therefore preferred in a display employing the 
brightness enhanced reflective polarizer because otherwise 
undesirable colored light is redirected toward the normal 
viewing angles of an observer. By using a low color, wide 
angle reflective polarizer, display uniformity at normal 
viewing angles is maintained. 

The brightness enhanced reflective polarizer can thus 
benefit firom the above discussion with respect to FIGS. 
23-25, and particularly FIG. 24, where off-axis color is 
reduced by introducing a Brewster effect at some angle away 
from the normal. As described above, this is achieved by 
introducing a y-index mismatch between layers of the mul- 
tilayer reflective polarizer, and reducing the z-index mis- 
match between layers. Thus, any desired combination of the 
brightness enhanced reflective polarizer can be achieved by 
tuning the angle of the prisms of the structured surface 
material (given its respective optical behavior, such as 
shown in FIGS. 7 and 8 for the 90 degree material), to the 
desired off-angle color performance of the reflective polar- 
izer tunable through introduction of a y-index mismatch and 
reduction of the z-index mismatch. 

In the displays of FIGS, 9 and 10, the reflective polarizer 
could be laminated or similarly attached to the optical cavity 
and/or the piano side of the structured surface material. This 
would provide the advantages described above with respect 
to FIGS. 1-3 such as reducing surface reflections at the 
air/reflective polarizer interface. If the reflective polarizer is 
not attached to the optical cavity, it may be desirable to use 
an AR coated reflective polarizer such as that described 
above in Example 13. 

In a display configuration such as that shown in FIG. 11, 
the reflective polarizer is located between the structured 
surface material and the LCD panel. In this configuration, 
the restraints on the reflective polarizer are not as restrictive 
in terms of off- axis color. This is due to the beam turning 
effects of the structured surface material. Since the struc- 
tured surface material directs fight toward the normal (e.g., 
tends to coUimate the light) and does not transmit light at 
very wide angles (see FIG, 8, for example), a low color, wide 
angle reflective polarizer is not necessarily required in this 
configuration. This effect is even more pronounced in the 
display of FIG. 13, where two crassed pieces of structured 
surface material are placed behind the reflective polarizer. 
This results in two-dimensional collimation of light incident 
on the reflective polarizer. 

In the case shown in FIG. 11, it is not possible to laminate 
the reflective polarizer to the structured side of the structured 
surface material. In this case, is may be desirable to use an 
AR coated reflective polarizer such as that described above 
in Example 13 to reduce surface reflections at the air/ 
reflective polarizer interface. The AR coated polarizer 
described in Example 13 was placed between a sheet of 90 
degree structmed surface material (available from Minne- 
sota Mining and Manufacturing Company as 3M brand 
Optical Lighting Film) and the backlight in a backlit com- 
puter display (Zenith Data Systems model Z-lite 320L) to 
make a display configuration such as that shown in RG. 11. 
The grooves of the structured surface material were afigned 
parallel to the stretch direction of the reflective polarizer. 
The brightness of the resulting display was measured with a 
Minoha brand luminance meter, model LS-lOO, at 90 
degrees to the display surface and at a distance of 1 foot. The 
measured brightness of the modified display was 51.9 
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ft-lamberts. This was compared to the brightness of the 
unmodified display of 23.1 ft-lamberts, for a gain of 125% 
over the original, unmodified display. The brightness of the 
display using the reflective polarizer without the AR coating 
was measured at 48.6 ft-lamberts. The AR coated reflective 
polarizer gave a 6.8% brighter display than did the non-AR 
coated reflective polarizer. 

In any of the above described display configurations, the 
reflectivity of the reflective polarizer at a normal angle for 
light polarized in the transmission axis as seen from the side 
facing the display backlight is preferably less than 50%, 
more preferably less than 30%, more preferably less than 
20% and even more preferably less than 10%. These reflec- 
tivities include first surface reflection of the reflective polar- 
izer. The reflectivity of the reflective polarizer for the 
orthogonal polarization and at a normal angle is desirably at 
least 50%, preferably at least 70%, more preferably at least 
80%, and even more preferably at least 90. The reflective 
polarizer desirably has a % RMS color in the transmitted 
polarization of less than 10%, preferably less than 3.5%, 
more preferably less than 2.1%, at angles orthogonal to the 
polarization of at least 30 degrees, more preferably at least 
45 degrees, and even more preferably at least 60 degrees. 

The invention has been described with respect to illus- 
trative examples, to which various modifications may be 
made without departing from the spirit and scope of the 
present invention as defined by the appended claims. 

What is claimed is: 

1. A brightness enhanced reflective polarizer which pro- 
vides directional and polarization control of fight incident 
upon it, comprising: 

a reflective polarizer including a multiple layer stack of 
alternating layers of at least two different materials 
having a refractive index difference between the dif- 
ferent materials along a first in-plane axis which is 
greater than a refractive index difference between the 
different materials along a second in -plane axis such 
that the reflective polarizer transmits light having a first 
polarization orientation and reflects light having a 
different polarization orientation; and 

a first structured surface material adapted to reflect fight 
having an angle of incidence between an axis normal to 
the first structured surface material and a first prede- 
termined angle, and adapted to redirect and transmit 
light having an angle of incidence between the first 
predetermined angle and an axis parallel to the first 
structured surface material; 

wherein the reflective polarizer and the first structured 
surface material operate together to control direction 
and polarization of light transmitted by the brightness 
enhanced reflective polarizer. 

2. The brightness enhanced reflective polarizer of claim 1 
wherein the first polarization orientation is polarized in a 
plane defined by the second in-plane axis. 

3. The brightness enhanced reflective polarizer of claim 2, 
wherein the different polarization orientation is polarized in 
a plane defined by the first in-plane axis. 

4. The brightness enhanced reflective polarizer of claim 1 
wherein at least some of the reflected fight of the different 
polarization orientation is converted to the first polarization 
orientation. 

5. The brightness enhanced reflective polarizer of claim 4 
wherein at least some of the converted fight is transmitted by 
the reflective polarizer. 

6. The brightness enhanced reflective polarizer of claim 1 
wherein the reflective polarizer further has an average 
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transmission of at least 80% for light incident normal to the 
reflective polarizer for light having the first polarization 
orientation. 

7. The brighmess enhanced reflective polarizer of claim 6 
wherein the reflective polarizer further has an average 
transmission of at least 90% for light incident normal to the 
reflective polarizer for light having the first polarization 
orientation. 

8. The brightness enhanced reflective polarizer of clami 1 



23. The brightness enhanced reflective polarizer of claim 
22 wherein the reflective polarizer has a % RMS color of 
less than 2.1% at 60 degrees from the normal 

24. The brightness enhanced reflective polarizer of claim 
1 wherein the structured surface material is positioned to 
receive the light of the first polarization orientation trans- 
mitted by the reflective polarizer. 

25. The brighmess enhanced reflective polarizer of claim 
1 wherein the reflective polarizer is positioned to receive the 
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transmission of at least 70% for light incident 60° from 
normal to the reflective polarizer for light having the first 
polarization orientation. 

9. The brightness enhanced reflective polarizer of claim 8 
wherein the reflective polarizer further has an average 
transmission of at least 80% for light inciderit 60° from 
normal to the reflective polarizer for light having the first 
polarization orientation. 

10. The brightness enhanced reflective polarizer of claim 

9 wherein the reflective polarizer further has an average 
transmission of at least 90% for light incident 60° from 
normal to the reflective polarizer for light having the first 
polarization orientation. 

11. The brighmess enhanced reflective polarizer of claim 

10 wherein the reflective polarizer further has an average 
transmission of at least 95% for Ught incident 60° from 
normal to the reflective polarizer for Ught having the first 
polarization orientation. 

12. The brightness enhanced reflective polarizer of claim 
1 wherein the reflective polarizer further has an average 
reflectance of at least 60% for light incident normal to the 
reflective polarizer for light having the different polarization 
orientation. 

13. The brightness enhanced reflective polarizer of claim 

12 wherein the reflective polarizer further has an average 
reflectance of at least 80% for light incident normal to the 
reflective polarizer for light having the different polarization 
orientation. 

14. The brightness enhanced reflective polarizer of claim 

13 wherein the reflective polarizer further has an average 
reflectance of at least 90% for light incident normal to the 
reflective polarizer for light having the different polarization 
orientation. 

15. The brightness enhanced reflective polarizer of claim 

14 wherein the reflective polarizer further has an average 
reflectance of at least 95% for light incident normal to the 
reflective polarizer for light having the different polarization 
orientation. 

16. The brightness enhanced reflective polarizer of claun 
1 wherein a first of the two different material comprises a 
napthalene dicaihoxylic acid polyester. 

17. The brightness enhanced reflective polarizer of claim 

16 wherein the first material is a poly(ethylene naphthalate). 

18. The brightness enhanced reflective polarizer of claim 

17 wherein a second of the two different materials is a 
copolyester comprising napthalate and terephthalate units. 

19. The brightness enhanced reflective polarizer of claim 
17 wherein a second of the two different materials is a 
polystyrene. 



26. The brighmess enhanced reflective polarizer of claim 
1 wherein the first structured surface material has a smooth 
side and a structured side. 

27. The brighmess enhanced reflective polarizer of claim 

26 wherein the strucmred side comprises a plurality of 
triangular prisms. 

28. The brighmess enhanced reflective polarizer of claim 

27 wherein the structured side comprises an array of trian- 
gular prisms. 

29. The brighmess enhanced reflective polarizer of claim 

28 wherein the array of triangular prisms defines an axis of 
orientation. 

30. The brighmess enhanced reflective polarizer of claim 

29 wherein the axis of orientation of the first structured 
surface material is aUgned with the first in-plane axis of the 
reflective polarizer. 

31. The brightness enhanced reflective polarizer of claim 
27 wherein the triangular prisms are isosceles triangular 
prisms. 

32. The brighmess enhanced reflective polarizer of claim 
27 wherein the triangular prisms have included angles in the 
range of 70 degrees to 110 degrees. 

33. The brighmess enhanced reflective polarizer of claim 
32 wherein the triangular prisms have included angles of 
about 90 degrees. 

34. The brightness enhanced reflective polarizer of claim 
32 wherein the smooth side of the first structured surface 
material is positioned toward the reflective polarizer. 

35. The brightness enhanced reflective polarizer of claim 
40 32 wherein the structured side of the first structured surface 

material is positioned toward the reflective polarizer. 

36. The brighmess enhanced reflective polarizer of claim 
1 wherein there is an air gap between the reflective polarizer 
and the first strucmred surface material. 

37. The brightness enhanced reflective polarizer of claim 
1 wherein the reflective polarizer and the first structured 
surface material form a unitary strucmre. 

38. The brightness enhanced reflective polarizer of claim 
1 further including a second structured surface material. 

39. The brighmess enhanced reflective polarizer of claim 

38 wherein the second strucmred surface material is adapted 
to reflect light having an angle of incidence between an axis 
normal to the second structured surface material and a 
second predetermined angle, and adapted to redirect and 
transmit hght having an angle of incidence between the 
second predetermined angle and an axis parallel to the 
second strucmred surface material. 

40. The brightness enhanced reflective polarizer of claim 

39 wherein the second structured surface material includes 
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20. The brightness enhanced reflective polarizer of claim 60 a smooth side and a strucmred side. 



1 wherein the reflective polarizer is planar. 

21. The brightness enhanced reflective polarizer of claim 
1 wherein the multiple layer stack is oriented along the first 
in-plane axis. 

22. The brightness enhanced reflective polarizer of claim 
1 wherein the reflective polarizer has a % RMS color of less 
than 10% at 30 degrees from the normal. 
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41. The brighmess enhanced reflective polarizer of claim 

40 wherein the structured side of the second structured 
siu-face material includes a plurahty of triangular prisms, 

42. The brightness enhanced reflective polarizer of claim 

41 wherein the structured side of the second structured 
surface material includes an array of triangular prisms, 
wherein the array defines an associated axis of orientation. 
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43 The brightness enhanced reflective polarizer of claim 

42 wherein the axis of orientation of the first structured 
surface material is positioned with respect to the axis of 
orientation of the second structured surface matenal to 
provide two dimensional angular control of light transmitted 
by the first and second structured surface materials. 

44 The brightness enhanced reflective polarizer of claim 

43 wherein the axis of orientation of the first structured 
surface material is positioned at an angle greater than 0 
degrees with respect to the axis of orientation of the second 
structured surface material. 

45. The brightness enhanced reflective polarizer of claim 

44 wherein the angle is about 90 degrees. 

46. The brightness enhanced reflective polarizer of claun 
44 wherein the angle is greater than 90 degrees. 

47 The brightness enhanced reflective polarizer of claun 
43 wherein the structured side of the first structured surface 
material is positioned toward the smooth side of the second 
structured surface material. 

48. The brightness enhanced reflective polarizer of claim 
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63. The brightoess enhanced reflective polarizer of claim 
53 wherein a ratio of the refractive index difiference along 
the second in-plane axis to the refractive index difference 
along the first in-plane axis is less than 0.5. 

64. The brightness enhanced reflective polarizer of claim 
53 wherein a ratio of the refractive index difference along 
the second in-plane axis to the refractive index difference 
along the first in-plane axis is about 0. 

65. The brightoess enhanced reflective polarizer of claim 
53 wherein a ratio of the refractive index difference along 
the third out-of-plane axis to the refractive index difference 
along the first in-plane axis is about 0. 

66. The brightness enhanced reflective polarizer of claim 
53 wherein a ratio of the refractive index difference along 
the third out-of-plane axis to the refractive index difference 
along the first in-plane axis is less than 0.1. 

67. The brightoess enhanced reflective polarizer of claim 
53 wherein a ratio of the refractive index difference along 
the third out-of-plane axis to the refractive index difference 
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43 wherein the reflective polarizer is positioned between the 
first and second structured surface materials. 

51 The brightness enhanced reflective polarizer of claim 

50 wherein the first structured surface material is positioned 
on a first side of the reflective polarizer such that its smooth 
side is toward the reflective polarizer, and further wherein 
the second structured surface material is positioned on a 
second side of the reflective polarizer such ±at its structured 
side is toward the reflective polarizer. 

52 The brightness enhanced reflective polarizer of claun 

51 wherein hght is incident on the smooth side of the second 
surface material. 

53 The brightness enhanced reflective polarizer of claim 
1 wherein the refractive index difference along the first 
in-plane axis is greater than a refractive index difference 
between adjacent layers along a third out-of-plane axis. 

54. The brightness enhanced reflective polarizer of claim 

53 wherein the refractive index difference along the first 
in-plane axis is at least 0.05, 

55. The brightness enhanced reflective polarizer of claim 

54 wherein the refractive index difference an the first 
in-plane axis is greater than 0.2. 

56. The brightness enhanced reflective polarizer of claim 
53 wherein the refractive index difference along the second 
in-plane axis is less than 0.02 



69. The brightoess enhanced refiecUve polarizer of claim 
68 wherein the refractive index difference along the second 
in-plane axis is in a range of about 0.01-0.02 when the 
refractive index difference along the third out-of-plane axis 
is about 0.1. 

70. The brightoess enhanced reflective polarizer of claim 
68 wherein the refractive index difference along the second 
in-plane axis is of the same sign as the refractive index 
difference along the third out-of-plane axis is about 0.1. 

71. The brightoess enhanced reflective polarizer of claim 
70 wherein the refractive index difference along the second 
in-plane axis and the refractive index difference along the 
third out-of-plane axis are positive. 

72. The brightness enhanced reflective polarizer of claim 
40 70 wherein the refractive index difference along the second 

in-plane axis and the refractive index difference along the 
third out-of-plane axis are negative. 

73. The brightoess enhanced reflective polarizer of claim 
53 wherein the reflective polarizer has no Brewster angle. 

74. The brightoess enhanced reflective polarizer of claim 
53 wherein the refractive index difference along the third 
out-of-plane axis is such that the reflective polarizer has no 
Brewster angle. 

75. The brightoess enhanced reflective polarizer of claim 



45 



T-^Xi'i^i^s. l^ reflective polarizer of claim 50 53 wherein the refractive index difference along the third 
57. Ihe Dngnmess cnudUL^w k „,.»_^f.^ionP =»viQ nnH the refractive mdex difference along 



56 wherein the refractive index difference along the second 
in-plane axis is less than 0.01, 

58. The brightness enhanced reflective polarizer of claim 

57 wherein the refractive index difference along the second 
in-plane axis is about 0. . . r i • 

59. The brightness enhanced reflective polarizer of claim 
53 wherein the refractive index difference along the third 
out-of-plane axis is less than 0.11. 

60. The brightness enhanced reflective polarizer of claun 

59 wherein the refractive index difference along the thu-d 
out-of-plane axis is less than 0.05. 

61. The brightness enhanced reflective polarizer of claun 

60 wherein the refractive index difference along the third 
out-of-plane axis is less than 0.01. 

62. The brightness enhanced reflective polarizer of claun 65 

61 wherein the refractive index difference along the thu-d 
out-of-plane axis is about 0. 
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out-of-plane axis and the refractive index difference along 
the second in-plane axis are such that the reflective polarizer 
has a Brewster angle between 0-30 degrees. 

76. The brightness enhanced reflective polarizer of claim 
53 wherein the refractive index difference along the third 
out-of-plane axis and the refractive index difference along 
the second in-plane axis are such that flie reflective polarizer 
has a Brewster angle between 30-60 degrees. 

77. The brightoess enhanced reflective polarizer of claim 
53 wherein the refractive index difference along the third 
out-of-plane axis and the refractive index difference along 
the second in-plane axis are such that the reflective polarizer 
has a Brewster angle of at least 60 degrees. 

78. The brightoess enhanced reflective polarizer of claim 
53 wherein the reflective polarizer has a % RMS color of 
less than 10% at an angle of at least 30 degrees from an axis 
perpendicular to the slack. 
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79. The brightness enhanced reflective polarizer of claim 

78 wherein the reflective polarizer has a % RMS color of 
less than 3.5% at an angle of at least 45 degrees from an axis 
perpendicular to the stack. 

80. The brightness enhanced reflective polarizer of claim 

79 wherein the reflective polarizer has a % RMS color of 
less than 2.1% at an angle of at least 45 degrees from an axis 
perpendicular to the stack. 

81. The brightness enhanced reflective polarizer of claim 

80 wherein the reflective polarizer has a % RMS color of 
less than 1 .5% at an angle of at least 60 degrees from an axis 
perpendicular to the stack. 

82. A brightness enhanced reflective polarizer comprising: 
a reflective polarizer adapted to transmit light having a 

first polarization orientation and to reflect Ught having 
a different polarization orientation, wherein the reflec- 
tive polarizer comprises a multiple layer stack of alter- 
nating layers of at least two different materials, and 
wherein a refractive index difference between different 
material layers in a first in-plane direction is greater 
than a refractive index difference between different 
material layers in a second in-plane direction; and 

a structured surface material having a smooth side and a 
structured side and positioned such that the light of the 
first polarization transmitted by the reflective polarizer 
is incident on the smooth side, the structured surface 
material adapted to reflect light having an angle of 
incidence between an axis normal to the stmctured 
surface material and a first predetermined angle, and 
adapted to redirect and transmit light having an angle of 
incidence between the first predetermined angle and an 
axis paraUel to the first structured surface material; 

wherein the structured side of the strucmred surface 
material comprises an array of triangular prisms, the 
array defining an axis of orientation of the stmctured 
surface material, the axis of orientation of the struc- 
tured surface material is aUgned with the first in-plane 
direction of the reflective polarizer, and further wherein 
the reflective polarizer and the structured surface mate- 
rial operate together to control direction and polariza- 
tion of light transmiUed by the brightness enhanced 
reflective polarizer. 

83. Abrightness enhanced reflective polarizer comprising: 
a first structured surface material adapted to reflect light 

having an angle of incidence between an axis normal to 
the first structured surface material and a first prede- 
termined angle, and adapted to redirect and transmit 
light having an angle of incidence between the first 
predetermined angle and an axis parallel to the first 
structured surface material, the first structured surface 
material including a smooth side and a stmctured side, 
the strucmred side including an array of triangular 
prisms which define an axis of orientation; 
a second structured surface material, positioned to receive 
light transmitted by the first stmcmred surface material, 
and adapted to reflect hght having an angle of incidence 
between an axis normal to the second strucmred surface 
material and a second predetermined angle, and 
adapted to redirect and transmit light having an angle of 
incidence between the second predetermined angle and 
an axis parallel to the second structured surface 
material, the second strucmred surface material includ- 
ing a smooth side and a structured side, the structured 
side including an array of triangular prisms which 
define an axis of orientation; 
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wherein the axis of orientation of the second structured 
surface material is orientated at an angle greater than 0 
degrees with respect to the axis of orientation of the 
first strucmred surface material; and 

a reflective polarizer adapted to transmit light having a 
first polarization orientation and to reflect light having 
a different polarization orientation, wherein the reflec- 
tive polarizer comprises a multilayer slack of alternat- 
ing layers of a first material and a second material, 
wherein a refractive index difference between layers of 
the first and second materials is greater in a first 
in-plane direction than a refractive index difference 
between layers of the first and second materials in a 
second in-plane direction; 

wherein the reflective polarizer, the first strucmred surface 
material, and the second stmctured surface material 
proWde polarization and two dimensional directional 
control of light transmitted by the brightness enhanced 
reflective polarizer. 

84. A brightness enhanced display, comprising; 

a structured surface material adapted to transmit an input 
wedge of light incident on the structured surface mate- 
rial at incident angles within a first predetermined 
group of angles, the transmitted light being refracted by 
the structured surface material into an output wedge of 
light which is narrower than the input wedge of light; 
and 

a reflective polarizer including a first and second poly- 
meric materials, at least one of the first and second 
polymeric materials being birefiringent such that a 
refractive index difference between the first and second 
polymeric materials for light having a first polarization 
state is large enough to substantiaUy reflect the light 
having the first polarization state and a refractive index 
difference between the first and second polymeric 
materials for light having a second polarization state is 
small enough to substantially transmit the light having 
the second polarization state . 

85. A display as recited in claim 84, further comprising a 
polarization converter disposed in the display to receive 
light reflected by the reflective polarizer, alter the polariza- 
tion state of the reflected light and redirect the altered Ught 
back towards the reflective polarizer, 

86. Adisplay as recited in claim 84, wherein the structured 
surface material is further adapted to reflect light incident on 
the structured surface material at incident angles within a 
second predetermined group of angles. 

87. A display as recited in claim 86, further comprising a 
diffuse reflector disposed to receive light reflected by the 
reflective polarizer and to receive fight reflected by the 
stmcmred surface material, the diffuse reflector alters a 
direction and polarization state of the received light and 
redirects the altered light back toward the reflective polarizer 
and the stmctured surface material. 

88. A display as recited in claim 84, further comprising: 
an optical cavity; and 

a display module selectively altering a polarization state 
of li^t transmitted through the display module, the 
structured surface material and the reflective polarizer 
being disposed between the optical cavity and the 
display module. 

89. Adisplay as recited in claim 88, wherein the reflective 
polarizer reflects light having the first polarization slate 
towards the optical cavity and the optical cavity alters the 
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polarization slate of the light reflected by the reflective 
polarizer and redirects the light back towards the reflective 
polarizer. 

90. A display as recited in claim 89, wherein the structured 
surface material is further adapted to reflect light incident on 5 
the structured surface material at incident angles within a 
second predetermined group of angles. 

91. A display as recited in claim 90, wherein the optical 
cavity receives light reflected by the strucmred surface 
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material and redirects at least a portion of the light back 
towards the structured surface material at an angle of inci- 
dence within the first predetermined group of angles. 

92. A display as recited in claim 91, wherein the structured 
surface material, reflective polarizer and optical cavity coop- 
eratively interact to at least double on-axis iUumination 
brightness of the display module. 

***** 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO.: 5,828,488 
DATED: October 27, 1 998 

INVENTOR(S): Andrew J. Ouderkirk. Olester Benson, Jr., Sanford Cobb, Jr., James M. Jonza, Michael 
F. Weber. David L. Worlman, Carl A. Stover 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 

Claim 16, column 35, line 50, delete "material"* and insert therefore --materials". 
Claim 55, column 37, line 45. delete "an" and insert therefore -along-. 
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Signed and Sealed this 
Third Day of April, 2001 



NICHOLAS P.CODICl 

Attesting Officer Acting Director of the United Sratex Patent and Trademark Office 
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